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Chapter 1. General introduction 
1. Cause and consequences of salt stress 
More than 900 million hectares of the world's land are salt-affected by either salinity 
or sodicity (Pessarakli and Szabolcs, 2002). Salinity is caused by the accumulation of 
dissolved salts in the soil water occurring through natural or human-induced processes. 
Conversely, sodicity is a secondary result of salinity, in which clay soils contain too 
much exchangeable sodium (Na) attached to clay particles. It has been reported that 45 
million ha of the current 230 million ha of irrigated land and 32 million ha of the 1,500 
million ha under dryland agriculture are salt affected (Munns and Tester, 2008). 
Primary salinity is caused by weathering rocks containing soluble salts (Owen, 
2001). Weathering processes break down rocks and release soluble salts of various types, 
mainly chlorides of sodium, calcium and magnesium, and to a lesser extent, sulphates 
and carbonates. Sodium chloride is the most soluble salt. The deposition of ocean salt 
carried by wind and rain is also one of the factors leading to salinity. Ocean salts, 
mainly sodium chloride, are often carried to an inland by wind and deposited in soil by 
rainfall. Rainwater contains approximately 6-50 mg/kg of salt, and the concentration of 
salts in rainwater reduces along the distance from the coast. If the concentration is 10 
mg/kg, this would add 10 kg/ha of salt for each 100 mm of rainfall per year. Salt 
accumulation in the soil by rainfall would be significant over millennia. Furthermore, 
salinity resulting from natural disasters such as tsunamis often has an immediate impact 
on agricultural land due to a sudden substantial increase in soil salinity level. The Great 
East Japan Earthquake, which occurred in 2011, inundated more than 20,000 ha of 
agricultural land, resulting in substantial reduction of crop production (Toews-Shimizu, 
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2012). Secondary salinity or human-induced salinity often results from human activities 
that change the hydrologic balance of the soil between water applied (irrigation or 
rainfall) and water used by crops (transpiration) (Owen, 2001). The most common 
causes are land clearing, the replacement of perennial vegetation with annual crops, and 
irrigation schemes using salt-rich irrigation water or having insufficient drainage.  
Plant response to salt stress occurs in two phases, that is, a rapid response to the 
increase in external osmotic pressure and a slower response due to the accumulation of 
Na
+
 in leaves (Munns and Tester, 2008). At the first phase, i.e., an osmotic phase which 
initiates immediately after increase of the salt concentration around the roots to a 
threshold level, shoot growth rate is affected greatly. At the second phase, ionic stress 
attributed to accumulation of toxic ions in the shoot is increased over time. Old leaves 
die since they are no longer expanding and therefore no longer diluting the salt arriving 
at them as younger growing leaves do. If the rate at which they die is greater than the 
rate at which new leaves are produced, the photosynthetic capacity of the plant will no 
longer be able to fulfill the carbohydrate requirement of the young leaves, further 
reducing their growth rate. The excess of sodium chloride disturbs membrane integrity, 
nutrient ion balance and photosynthetic capacity. 
2. Mechanisms of salt tolerance in plants 
The mechanisms of salt tolerance are divided into three categories, i.e., osmotic 
tolerance, Na
+
 exclusion and tissue tolerance (Munns and Tester, 2008). The osmotic 
stress caused by salinity reduces cell expansion in root tips and young leaves, and 
causes stomatal closure. Tolerance to the osmotic stress results in greater leaf growth 
and stomatal conductance, but the resulting increased leaf area benefits only plants that 
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have adequate soil water supply. Salt stress affects stomatal conductance immediately 
owing to perturbed water relations and shortly afterward owing to in situ synthesis of 
ABA (Fricke et al., 2004). However, a reduced rate of transpiration takes place within 
hours (Fricke et al., 2006) while ABA levels return to normal concentrations (Fricke et 
al., 2004; Fricke et al., 2006). This stomatal response is probably regulated by root 
signals as evidenced by stomatal closure in salt-treated plants whose water status is kept 
high by applying sufficient pneumatic pressure to offset the osmotic pressure of NaCl 
(Termaat et al., 1985). 
Na
+
 exclusion by roots ensures that sodium does not accumulate to toxic 
concentrations within leaves. A failure in Na
+
 exclusion manifests its toxic effect after 
days or weeks, depending on the species, and causes premature death of older leaves. In 
Arabidopsis, Na
+





encoded by the SOS1 gene (Shi et al., 2000; Qiu et al., 2002; Quintero et al., 2002; Shi 
et al., 2002). SOS1 is expressed ubiquitously in all parts of plants, but the highest 
expression is found in root epidermal cells, particularly at the root tip, and in cells 
bordering the vascular tissue throughout the plant (Shi et al., 2002). This SOS1 
expression pattern, together with the results of ion analysis in sos1 mutant plants, 
suggests versatile roles of SOS1, i.e., Na
+
 efflux into the medium, slowing down Na
+
 
accumulation in the cytoplasm and regulating long-distance Na
+
 transport between roots 
and leaves by loading and unloading Na
+
 into and from the xylem and phloem. 





 at the intracellular level to avoid toxic concentrations within the cytoplasm, 





increases to high concentrations in the older leaves. Plant vacuoles play major roles in 
toxic ion sequestration. Vacuolar sequestration of Na
+
 is essential to lower Na
+
 
concentration in the cytoplasm and to adjust osmotic potential in order to maintain 
water absorption from saline solutions (Silva and Gerós, 2009). Mitochondria and 
plastids have also been reported to have the ability to accumulate a little amount of Na
+
 
and therefore contribute to the compartmentation of Na
+
 (Zhu, 2003). NHX transporters 
regulate transport of Na
+





 antiporter, AtNHX1, was functionally elucidated in Arabidopsis by genetic 




 activity, and its 
overexpression suppressed salt hypersensivity phenotype of the yeast mutant (Gaxiola 
et al., 1999). Transgenic Arabidopsis overexpressing AtNHX1 was more salt tolerant 
and accumulating more shoot Na
+





 into vacuole must couple with accumulation of organic 
solutes in the cytosol and organelles to balance the osmotic pressure of the ions in the 
vacuole (Flowers et al., 1977; Wyn et al., 1977). The compounds that accumulate most 
commonly by salt stress are sucrose, proline and glycine betaine (Flowers et al., 1977; 
Hasegawa et al. 2000; Munns 2005). The function of glycine betaine as osmoprotectant 
to mitigate impact of salt stress has been reported in maize, in which comparison of 
near-isogenic maize lines with contrasting glycine betaine accumulation showed that 
lines homozygous for the Bet1 (glycine betaine accumulation) gene had a 10%–20% 





3. Genetic study on salt tolerance in plants 
Salt tolerance is a complex trait in most plant species since it involves various 
mechanisms at cellular, tissue, organ or whole plant levels. Stress exposure at different 
development stages affects different pathways for adaptation and homeostasis. Thus, 
genetic factors regulating salt tolerance vary for different development stages. As 
reported by Quesada et al. (2002), six quantitative trait loci (QTLs) contributing to salt 
tolerance at a germination stage were detected. However, accessions that showed salt 
tolerance at the germination stage were very sensitive to salt stress at a vegetative stage. 
The map positions of the QTLs for salt tolerance at the germination stage were not 
overlapped with those of the QTLs for salt tolerance during vegetative growth, 
suggesting that salt tolerance mechanism at the germination stage is different from that 
at the vegetative stage. 
Genetic controls conferring salt tolerance have been revealed in many plant species 
at specific developmental stages by QTL mapping or association analysis, e.g., 
Arabidopsis, barley, rice, durum wheat, ryegrass etc. (Katori et al., 2010; Munns et al., 
2012; Ren et al., 2010; Long et al., 2013; Lin et al., 2004; Ren et al., 2005; Yu et al., 
2013). To date, the most successful breeding for salt tolerance in crop plants is 
introgression of the Nax2 locus from a wheat relative, Triticum monococcum, into a 
commercial durum wheat cultivar increasing grain yield by 25% in salinized fields 
(Munns et al., 2012). Domestication of wheat has resulted in an extremely complex 
polyploid genome that confers many economically favorable traits, but caused the loss 
of other traits, such as salt tolerance. Durum wheat (T. turgidum ssp. durum having A 
and B genomes), lacking the Na
+
-excluding locus, is more salt sensitive than bread 
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wheat (T. aestivum having A, B and D genomes) and wheat relative (T. monococcum 
having A genome). A gene in the Nax2 locus, TmHKT1;5-A, of T. monococcum encodes 
a Na
+
-selective transporter located on the plasma membrane of root cells surrounding 
xylem vessels, ideally localized to withdraw Na
+
 from the xylem and to reduce transport 
of Na
+
 to leaves. Near isogenic lines of durum wheat with TmHKT1;5-A showed 
significantly reduced Na
+
 uptake into leaves and higher grain yield in saline soil than 
those without TmHKT1;5-A. 
QTL mapping and map-based cloning in rice and Arabidopsis also revealed natural 
variants of genes encoding HKT-type transporters, i.e., SKC1 and AtHKT1,1, 
respectively (Ren et al., 2005; Rus et al., 2006). In rice, a near isogenic line harboring 
an SKC1 allele from a salt tolerant cultivar had higher K
+
 content and lower Na
+
 content 
in shoots than that of a salt sensitive line under saline conditions (Ren et al., 2005). 




 contents between the near 
isogenic line having the SKC1 allele and the salt sensitive line. These results suggested 









 balance in the shoots to achieve salt tolerance. In Arabidopsis, 
independent QTL mapping identified variants on AtHKT1;1 in both F2 populations 
between the high leaf Na
+
 accessions Ts-1 and Tsu-1 and the low leaf Na
+
 accession 
Col-0 (Rus et al., 2006). Deletions in a tandem repeat sequence approximately 5 kb 
upstream of AtHKT1 were found in both Ts-1 allele and Tsu-1 allele and these mutations 
were responsible for the reduced gene expression in the roots in these accessions. 
Although reduced expression of the AtHKT1 weak allele in the roots leads to elevated 
Na
+
 content in shoots, this AtHKT1 allele does not confer salt sensitivity but 
co-segregates with elevated salt tolerance. Baxter et al. (2010) hypothesized that these 
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naturally occurring weak but functional AtHKT1 alleles allow sufficient Na
+
 to 
accumulate in leaves for osmotic adjustment, conferring elevated Na
+
 tolerance. High 
shoot Na
+
 content might be beneficial in maintaining plant turgor particularly in drying 
soils, where access by a plant to other nutrients, e.g., N, P, and K, becomes increasingly 
difficult (Munns and Tester, 2008). However, ionic balance has to be maintained to 
avoid Na
+
 toxicity. The Na
+
 detoxification mechanism remains to be unveiled, although 




 antiporter involved in the vacuolar Na
+
 




Another valuable finding is RAS1, i.e., a quantitative trait locus for salt tolerance 
during germination in Arabidopsis (Ren et al., 2010). RAS1 functions as a negative 
regulator of salt tolerance by enhancing ABA sensitivity and its loss-of-function form 
from the salt tolerant line increases seed germination rate on a saline medium. The 
genotype of RAS1 is particularly important in agriculture if farmers are to sow seeds 
into salt-affected farm land.  
4. Genetic relationship of oilseed Brassica species with respect to salt tolerance 
There are three diploid species of Brassica in the triangle of U, i.e., B. rapa, B. 
nigra and B. oleracea, having chromosome numbers 10, 8 and 9, respectively, assigned 
as A, B, and C from which amphidiploids species including some major oilseed rape 
and mustard species have been derived (U, 1935). From the cytogenetic analyses, it is 
proven that B. napus (AACC, n = 19) is an amphidploid derived from crossing between 
B. oleracea (CC, n = 9) and B. rapa (AA, n = 10), B. carinata is an amphidiploid 
(BBCC, n = 17) of B. oleracea and B. nigra (BB, n = 8), and B. juncea (AABB, n = 18) 
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is an amphidiploid of B. rapa and B. nigra. 
The germplasms of the Brassica species in the triangle of U have been extensively 
assessed for salt tolerance (Ashraf, 1994; Ashraf et al., 1989; Ashraf et al., 2001; Nasu 
et al., 2012). In the screening of salt tolerant lines, all three amphidiploid species, i.e., B. 
napus, B. carinata and B. juncea, outperformed the three diploid species, i.e., B. rapa, B. 
nigra and B. oleracea. Ashraf et al. (2001) showed that all the three amphidiploids 
species produced significant greater shoot biomass and seed yield than their respective 
diploid ancestors. These interspecific screenings for salt tolerance have also revealed 
that B. napus is the most salt tolerant of all the species, followed by B. carinata and B. 
juncea. Of the diploid species, B. nigra was the most salt sensitive followed by B. 
oleracea and B. rapa. Therefore, it was proposed that salt tolerance in the amphidiploids 
species is attributed to either A or C genome (Ashraf and McNeilly, 2004). 
5. Enhancing salt tolerance in Brassica by conventional breeding 
Extensive screening for salt tolerance in Brassica species depicted the existence of 
great variation within species and some elite lines were discovered. Heritability values 
of traits associated with salt tolerance were high in various Brassica species. For 
example, Ashraf et al., (1987) estimated that narrow-sense heritability of salt tolerance 
in B. napus was 0.74. Assessment of phenotypic variation using 30 genotypes of B. 
juncea on saline soil by Kumar (1993) also indicated high heritability of seedling 
emergence and the number of siliques on the main shoot. Breeding for salt tolerance in 
crop plants is regarded as a more efficient and economical approach to ameliorate the 
worldwide problem of increasing soil salinity in agricultural lands. Although the 
availability of genetic resources and high heritable variation in gene pool guarantee 
9 
 
successful breeding for salt tolerant varieties, the breeding program for salt tolerance in 
Brassica crops has been largely unsuccessful. Studies on QTLs or genes conferring salt 
tolerance in Brassica species are very limited. Nevertheless, salt tolerant cultivars of B. 
juncea have been developed by Central Soil Salinity Research Institute, India, e.g., 
CS52, CS54, CS416 and CSTR330-1, in which CS52, a high yielding and salt tolerant 
variety, has been recommended for cultivation in saline lands up to 7-8 dSm
-1
 (Purty et 
al., 2008). 
In this study, I performed transcriptome analysis and association analysis to 
elucidate genes responsible for salt tolerance in B. napus. Salt tolerance of 85 rapeseed 
accessions collected from the world was investigated. The salt responsive transcriptome 
in the leaves and the roots of one of the most tolerant lines was elucidated to reveal 
molecular pathways affected by salt stress and differentially expressed genes in 
response to salt stress. Correlation between salt tolerance and other phenotypes, e.g., 
biomass and shoot ion contents, was also determined. Genomic regions associated with 
salt tolerance were dissected by association mapping and candidate genes were 
shortlisted from these QTLs based on the salt responsive transcriptome profile. 
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Chapter 2. Comparative transcriptome analysis of leaves and roots in response to 
salt stress in Brassica napus L. by RNA-seq 
1. Introduction 
The advent of next-generation sequencing (NGS) technologies has revolutionized 
genomic studies. RNA-seq technologies using NGS have been employed for studying 
both model and non-model organisms. For model organisms, in which both genome 
sequences and gene annotations are available, a protocol for differential gene expression 
analysis by RNA-seq experiments described by Trapnell et al. (2012) is suitable for 
conducting the transcriptome analysis. For non-model organisms, deep sequencing 
followed by de novo assembly and clustering is necessary to generate reference 
transcriptome. Alternatively, genome sequences and expressed sequence tag (EST) 
sequences of related species can be utilized as references for mapping. 
Hybridization-based microarray technologies have been the dominant approaches for 
the study of gene expression in the past decade. However, these methods suffer from 
several limitations including reliance upon existing information about the available 
genome sequence, high background levels attributed to cross-hybridization, and a 
limited dynamic range of detection owing to both background and saturation of signals 
(Okoniewski and Miller, 2006; Royce et al., 2007). Conversely, RNA-seq offers several 
advantages and is much superior to the microarray technologies because of a wider 
range of expression levels, less noise, higher throughput, more information to detect 
allele-specific expression, novel promoters, splice variants and isoforms, and no 
necessity of prior knowledge of both genome and gene sequences (Wang et al., 2010a; 
Oshlack et al., 2010). 
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Gene expression response varies with time from stress exposure. Salt responsive 
transcriptome has been extensively studied in Arabidopsis and rice (Seki et al., 2002; 
Kreps et al., 2002; Kawasaki et al., 2001; Rabbani et al., 2003). Recent transcriptomic 
research on plant salt tolerance has been gradually shifting from salt-sensitive 
glycophytes to salt tolerant halophytes. The halophyte species which has been 
extensively surveyed for the transcriptomic response to salt is salt cress (Thellungiella 
halophila) (Gong et al., 2005; Taji et al., 2004). Recently, the salt responsive 
transcriptome of a semi-mangrove plant (Millettia pinnata), which is a glycophyte with 
moderate salt tolerance, has also been thoroughly characterized and various affected 
pathways have been revealed (Huang et al., 2012). Although transcriptome analysis in 
salinity response has been extensively conducted in these two species, it is still worth 
unveiling the salt responsive transcriptomic regulation of salt tolerant polyploid species, 
since their transcriptome architecture is more complex than that of diploid species and 
they can generally withstand adverse environmental conditions better than their diploid 
ancestors. 
Numerous studies have been performed to discover genes that contribute to salt 
tolerance in B. napus (Gao et al., 2002; Yu et al., 2004; Dalal et al., 2009; Kumar et al., 
2009; Chen et al., 2010). However, only a limited number of genes have been evaluated 
and these are not sufficient to characterize the over-represented molecular mechanism 
underlying moderate salt tolerance. In this study, I commenced a comprehensive 
transcriptome analysis of a B. napus line, which is one of the most salt tolerant lines 
obtained in the prior screening (Nasu et al., 2012). In Japan, a sudden increase in soil 
salinity due to tsunami has been the major problem in agriculture sector 
(Toews-Shimizu, 2012). To grow oilseed rape or other Brassica species, farmers would 
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either directly sow seeds into soil or transplant germinated seedlings into soil. Plants 
experience sudden increase in salinity after transplantation into salt contaminated land 
and this condition is more akin to salt shock that has been described by Shavrukov 
(2013). Taji et al. (2004) also suggested that rapidly inducible genes should be 
important for salt tolerance. Therefore, this study focused on the initial transcriptome 
regulation in leaves and roots of this line in response to sudden increase of salinity. 
Transcriptomic changes in this line were evaluated by comparing the leaf and root 
expression profiles at 1 h and 12 h time points of salt challenge. 
2. Materials and Methods 
2.1 Plant Materials 
A salt tolerant B. napus line, N119, cv ‘Sapporo’ and a salt sensitive line, cv 
‘Kirariboshi’ were used in this study. Seeds were surface-sterilized with 70% ethanol 
and 1% sodium hydrochlorite and germinated on MS medium. Germinated seedlings 
were grown in plastic pots (diameter = 10.5 cm, height = 9 cm) containing vermiculite 
under 16/8 h photoperiod at 23
o
C. Plant were watered twice a week with 1/2000 
HYPONeX fertilizer solution (Hyponex, Osaka, Japan) at a final concentration of 30 
µg/l nitrogen, 20 µg/l of phosphorus and 25 µg/l of potassium. Salt treatment was 
implemented when the seedlings were 3 weeks old. The volume of each plastic pot was 
approximately 800 ml. For salt treatment, plants were watered with 200 mM of NaCl 
solution. The treatments were initiated at 8.00 a.m. and each individual plant was 
watered with 300 ml of salt water to field capacity. Meanwhile, a group of control plants 
were watered with an equal volume of distilled water. RNA sequencing was performed 




2.2 Sample collection, RNA preparation and sequencing 
The roots and leaves were sampled at 1, 3, 6, 12 and 24 h post-stress with three 
replicates for each time point. Both the whole root and the third leaf were sampled 
simultaneously from each individual plant and were separately frozen in liquid nitrogen 
and stored at -80
o
C prior to RNA isolation. The total RNA was extracted using SV Total 
RNA Isolation System (Promega, Madison, WI, USA) following the manufacturer's 
instructions. The quality of the RNA was determined by NanoDrop 1000 
spectrophotometer (Thermo Scientific, Wilmington, USA) and a 2100 Bioanalyzer RNA 
Nanochip (Agilent Technologies GmbH, Berlin, Germany). The expression of salt 
response genes was analyzed for each sample in order to determine the suitable time 
point for samples to be sent for sequencing. The total RNA samples of three replicates 
for each organ and each time point were bulked. At least 20 µg of total RNA samples of 
both the root and leaf tissues (both salt treated and control) of ‘Sapporo’ collected at 1 h 
and 12 h post-stress were sent to the Beijing Genomics Institute, Hong Kong for 
commercial Illumina sequencing. 
mRNAs were purified using oligo(dT)-attached beads and fragmented into small 
pieces (100–400 bp). The cleaved RNA fragments were then primed with random 
hexamers and subjected to the synthesis of the first-strand and second-strand cDNAs. 
The synthesized cDNAs were ligated with paired-end adaptors. The cDNA fragments 
with 200 bp (+20 bp) size were then selected by agarose gel electrophoresis and 
enriched by PCR amplification. Finally, eight cDNA libraries were constructed for 
sequencing on an Illumina HiSeq2000 sequencer. Reads for all eight transcriptomes of 
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B. napus are available through the NCBI Sequence Read Archive (SRA), study 
accessions [GenBank: SRP028575]. 
2.3 De novo assembly and sequence clustering 
The raw reads were cleaned by trimming adapter sequences, low-quality sequences 
(reads with ambiguous bases "N") and reads with more than 10% Q < 20 bases. De novo 
assembly of the clean reads was performed using Trinity (Grabherr et al., 2011) with 
default setting with an optimized k-mer length of 25 and the scaffolds obtained were 
denoted as unigenes. The Trinity unigenes of eight libraries were then further clustered 
into in a comprehensive transcriptome using CD-HIT-EST software with a sequence 
identity cut-off of 0.9 and comparison of both strands (Li and Godzik, 2006). For 
comparison, SOAPdenovo (version 1.04; http://soap.genomics.org.cn/soapdenovo.html) 
(Li et al., 2010b) was also used to conduct de novo assembly with default setting except 
for the k-mer value, which was set at specific values of 29, 31, 33, 35, 37, 39, 41, 43, 45, 
47, 49, 51, 53, 55, 57, 59, 61 and 63. SOAPdenovo assembly with k-mer of 51 produced 
the highest N50 value and average scaffold length. Therefore, SOAPdenovo unigenes 
produced by k-mer of 51 were used for further clustering analysis by CD-HIT-EST. 
Both all-unigenes of Trinity and SOAPdenovo were searched against NCBI 
Brassica napus non-redundant unigene sequences with an E-value cut-off of 1.0×10-5. 
The Trinity all-unigenes corresponded to 61,015 Brassica napus unigene sequences, 
while the SOAPdenovo all-unigenes got fewer hits, i.e., 58,357 sequences. Therefore, 




2.4 Expression analysis and identification of DEGs 
Clean reads of eight transcriptomes were mapped back to all-unigenes with RSEM 
v1.2.3 (Li and Dewey, 2011) allowing the maximum 3 mismatches. The reads per 
kilobase of exon per million mapped reads (RPKM) were applied to measure the gene 
expression levels. For a given all-unigene, eight RPKM values were generated from 
eight transcriptomes, respectively. DEGs between control and salt-water treated samples 
were identified by EBSeq R package v1.1.5 (Leng et al., 2013b). Since biological 
replicates were pooled, transcript specific variance was determined by estimating the 
across-condition variance as recommended in the vignette of EBSeq (Leng et al., 
2013a). Salt responsive genes were identified with a normalized fold change ≥2 and a 
false discovery rate, FDR<0.01, in which FDR = 1 – PPDE. PPDE is the posterior 
probability of being a differentially expressed gene (PPDE) obtained by Bayes’ rule. 
2.5 Functional Categorization and Annotation 
To assign gene ontology annotation for all-unigenes, the all-unigenes were aligned 
to SwissProt database using BLASTX with an E-value cut-off of 1.0×10-5. The results 
with the best hits were extracted. The all-unigenes without SwissProt hits were searched 
against the NCBI NR protein database by BLASTX with an E-value cut-off of 1.0×10-5. 
The GO annotations for the top blast hits were retrieved with the Blast2GO program 
(Conesa et al., 2005; Conesa and Götz, 2008), followed by functional classification 
using WEGO software (Ye et al., 2006). In addition, KEGG orthology was assigned to 
each all-unigene by KOBAS 2.0 (KEGG Orthology-Based Annotation System, v2.0), in 
which all-unigenes were aligned to the KO database by BLASTX with an E-value 
cut-off of 1.0×10-5 to retrieve gene IDs, followed by ID mapping to KO terms (Xie et al., 
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2011). Furthermore, all-unigenes were searched against Plant Transcription Factor 
Database v2.0 (PlantTFDB 2.0) (Zhang et al., 2011) and the Transporter Classification 
Database (TCDB) (Saier et al., 2006; Saier et al., 2009) with an E-value cut-off of 
1.0×10-5 and more than 80% query coverage. 
The GO enrichment analysis and KEGG pathway enrichment analysis were 
performed by BiNGO plugins for Cytoscape, using the hypergeometric test for 
statistical analysis with the whole B. napus transcriptome as the background (Maere et 
al., 2005). For p-value correction, the rigorous Bonferroni correction method was 
employed. The cut-off p-value after correction was 0.05. 
2.6 RT-PCR and real-time quantitative PCR 
The gene-specific primers for real time PCR analysis were designed using Primer 3 
by applying the parameters described by Thornton and Basu (2011). RT-PCR was 
performed for 40 DEGs using B. napus actin gene as control (Appendix Table 1). The 
first strand cDNAs were synthesized from 1 µg of total RNAs using SuperScript III 
Reverse Transcriptase (Invitrogen, Carlsbad, CA). Ten microliters of PCR samples 
containing 1 µl of first-strand cDNAs and 5 pmol of primers were then subjected to 30 
cycles of 30 s denaturation at 94
o
C, 30 s annealing at 60
o
C and 30 s extension at 72
o
C. 
The PCR products were electrophoresed on 1.5% agarose gel. 
Real time PCR was performed on CFX Connect™ Real-Time PCR Detection 
System (Bio-Rad, Hercules, CA) using 1 µl of cDNAs and SsoAdvancedTM SYBR 
Green Supermix (Bio-Rad). The thermal conditions were set at 95
o
C for 3 min 
denaturation, followed by 40 cycles of 95
o
C for 1 s and 60
o





C for 30 s and cooling to 65
o
C for 30 s, a melting curve was 






C increments with a dwell time at each 
temperature of 2 s while continuously monitoring the fluorescence. All of the reactions 
were performed in triplicate and the average expression value was calculated. The 
relative expression level for each gene was calculated using the 2
−∆∆CT
 method with 
normalization to the internal control gene (Livak and Schmittgen, 2001). 
3. Results and Discussion 
3.1 Time point for transcriptome analysis 
The expression levels of four salt responsive genes, i.e., BnBDC1 (Yu et al., 2004), 
BnLEA4 (Dalal et al., 2009), BnMPK3 (Yu et al., 2005) and BnNAC2 (Zhong et al., 
2012), were analyzed in order to determine the most appropriate time point(s) for 
transcriptome analysis of ‘Sapporo’. Generally, the expression showed more than 2-fold 
up-regulation at 1 h post-stress and subsequent down-regulation at the following time 
points (Figure 1). However, some genes were observed to maintain the up-regulated 
expression at 12 h and 24 h post-stress. Therefore, transcriptome regulation of salt stress 
was analyzed at 1 h and 12 h post-stress. 
3.2 Nucleotide sequencing and de novo assembly 
Although non-redundant unigenes of B. napus are available at the National Center 
for Biotechnology Information (NCBI), the coverage of these data in the whole 
transcriptome of B. napus is uncertain. Since B. napus whole genome sequences and 
annotations of B. napus are not available at present, reference-based transcriptome 
analysis is also not feasible for B. napus. Therefore, de novo assembly appears to be a  
 
Figure 1. Salt-induced expression fold change relative to control treatment (0














good approach to study salt regulated expression changes in this species. 
For a broad survey of salt responsive genes, eight cDNA libraries were prepared 
from mRNA from the leaves and the roots of the control and salt-treated plants, denoted 
as BnLc (leaves of control plants), BnLs (leaves of salt-treated plants), BnRc (roots of 
control plants) and BnRs (roots of salt-treated plants) sampled at 1 h and 12 h and 
sequenced by Illumina deep-sequencing. After removal of low quality and adapter 
sequences, nearly 211 million clean reads remained for all eight transcriptomes. The 
percentages of Q20 bases for the clean reads in all eight transcriptomes were all above 
96% (Appendix Table 2). In sum, the clean reads constituted ~38 Gb of sequence data. 
De novo assembly was carried out by the Trinity method (Grabherr et al., 2011) and 
non-redundant sequences were obtained by clustering using CD-HIT-EST (Li and 
Godzik, 2006) (Figure 2). From now on, the clustered unigene sequences are herein 
referred to as all-unigenes. Overviews of assembly results are shown in Table 1. These 
sequence reads were finally clustered to 161,537 non-redundant all-unigenes, spanning 
a total of 112 Mb of sequences (Table 2; Figure 2). All the all-unigenes were longer than 
200 bp. Mean length and N50 of the final all-unigenes were 693 bp and 1,039 bp, 
respectively. By the Trinity de novo assembly method, no “N”, i.e., unidentified 
nucleotide, remained in the final unigenes. Due to an unexpectedly large number of 
all-unigenes obtained after clustering, de novo assembly was performed again by the 
SOAPdenovo program version 1.04 (Li et al., 2010b). Clustering of the SOAPdenovo 
unigene sequences yielded 191,237 non-redundant sequences. Nevertheless, the 
assembly quality was worse than that by the Trinity method. All-unigenes generated by 
SOAPdenovo had a mean length of 506 bp and N50 of 592 bp, and 25% of the 
 
Figure 2. Flow charts of the transcriptome
clustering by CD-HIT-EST, SwissProt/NR annotation, GO annotation, KEGG annotation, aligning to PlantTFDB 2.0 and TCDB, and 




 analysis for B. napus. The whole analysis involved de novo 
genes.
 
assembly by Trinity, 
 
Table 1. Statistics of the assembled unigene of leaf and root transcriptomes by Trinity method 
Length of 
unigenes (bp) 
BnLc, 1 h BnLs, 1 h BnLc, 12 h BnLs, 12 h BnRc, 1 h BnRs, 1 h BnRc, 12 h BnRs, 12 h 
200–500 50,045 47,745 45,156 46,571 54,493 55,680 50,825 52,290 
500–1000 26,937 26,584 26,585 27,125 28,077 27,208 27,408 27,384 
1000–1500 10,689 11,320 12,355 12,286 12,275 12,638 13,450 12,097 
1500–2000 4,016 4,721 5,645 5,397 5,606 5,928 6,539 5,137 
>2000 2,278 2,987 3,984 3,494 3,525 4,573 4,872 3,392 
Total unigenes 93,965 93,357 93,725 94,873 103,976 106,027 103,094 100,300 
Mean length (bp) 646 682 732 711 682 703 737 679 
N50 (bp) 861 933 1,025 986 956 1,014 1,072 947 






Table 2. Statistics of the clustered all-unigene by CD-HIT-EST 






Total unigenes 161,537 
Mean length (bp) 693 
N50 (bp) 1,039 











all-unigenes had at least one “N” (Appendix Table 3). The results were similar to those 
of transcriptome assembly reports of Aegilops variabilis (Xu et al., 2012) and 
Chorispora bungeana (Zhao et al., 2012), in which the assembly qualities of the Trinity 
method were superior to those of the SOAPdenovo method. All-unigenes generated by 
both Trinity and SOAPdenovo were searched against the B. napus non-redundant 
unigenes from NCBI. The Trinity all-unigenes corresponded to 61,015 B. napus 
non-redundant unigenes from NCBI, while the SOAPdenovo all-unigenes had 58,357 
hits. Therefore, the assembly results from the Trinity method were used for all of the 
following analyses. 
3.3 Functional annotation of all-unigenes of Brassica napus 
Annotation of all-unigenes was performed by searching them against the SwissProt 
database. Among the 161,537 all-unigenes, 101,007 (62.5%) had at least one hit to the 
SwissProt database in BLASTX search with E-value≤1×10-5. The NCBI non-redundant 
(NR) protein database was searched for the remaining all-unigenes without a SwissProt 
hit and 18,019 (11.2%) of all-unigenes showed significant similarity to their respective 
subjects at E-value≤1×10-5. Overall, these all-unigenes matched 41,169 unique protein 
accessions (30,401 for SwissProt and 10,768 for NR hit). Only 57.9% of the 
all-unigenes shorter than 500 bp had BLAST hits in either the SwissProt or NR database 
(Figure 3). The proportion of all-unigenes hit with BLAST increased markedly in those 
with larger sizes.  
Functional classifications of gene ontology (GO) terms of all unigenes are shown in 
Figure 4. In total, 56,198 out of 119,026 all-unigenes with either SwissProt hits or NCBI 
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the largest groups were of “cellular process”, “metabolic process”, “biological 
regulation” and “response to stimulus” (Figure 4). In the category of “Molecular 
Function”, “binding” and “catalytic” activities were the largest group. In the category of  
“Cellular Component”, most of the all-unigenes were located in “cell” and “organelle”. 
In order to further understand the biological function and interaction of genes, 
pathway-based analysis was performed based on the Kyoto Encyclopaedia of Genes and 
Genome (KEGG) Pathways database, which documents the networks of molecular 
interaction in the cells and variants of them specific to particular organisms. 
All-unigenes were mapped against the KEGG Orthology (KO) database by BLASTX. 
Mapped all-unigenes were annotated by KOBAS v2.0 (Xie et al., 2011). KEGG 
pathway analysis was performed to assign the all-unigenes to biological pathways. In 
total, 29,155 all-unigenes were assigned to 245 pathways. These pathways belonged to 
25 clades under five major KEGG categories, i.e., “Metabolism”, “Genetic information 
processing”, “Cellular process”, “Environmental information processing”, and 
“Organism systems” (Figure 5). Among these pathways, “plant hormone signal 
transduction”, “spliceosome”, “oxidative phosphorylation”, “RNA transport” and 
“protein processing in endoplasmic reticulum” were the top five pathways represented 
by all-unigenes. 
Searching against the Plant Transcription Factor Database v2.0 (PlantTFDB 2.0) 
(Zhang et al., 2011) matched 7,659 all-unigenes to 57 unique transcription factor (TF) 
gene families (Figure 6A). In total, these putative B. napus transcription factor genes 
represent 4.72% of the total transcripts. The overall percentage distribution of 
transcripts encoding transcription factors among the various known protein families is 




Figure 5. KEGG ontology classification of B. napus transcriptome. The number 
labeled for each bar indicates the number of all-unigenes for respective KO terms. In 
total, 29,155 all-unigenes were assigned 245 pathways. These pathways belonged to 25 
clades under 5 major categories: “Metabolism”, “Genetic information processing”, 
“Environmental information processing”, “Cellular processes” and “Organismal 
system”. 
 
Figure 6. Classification of 
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2011) (Appendix Table 4). However, the number of genes increased for a few families, 
such as NAC, WRKY, S1Fa-like, GRAS, NF-YA, Nin-like and ZF-HD. Interestingly, 
some transcription factor families absent in B. rapa were found in B. napus in this study, 
e.g., NF-X1, CAMTA, CPP, HB-PHD and SAP. These observations indicate the 
evolutionary significance among these species. In addition, a BLASTX search against 
the Transporter Classification Database (TCDB) (Saier et al., 2006; Saier et al., 2009) 
identified 2,563 transporter genes in all-unigenes (Figure 6B). The majority of the 
transporter genes belonged to "Electrochemical potential-driven transporters", "Primary 
active transporters" and "Channel/pores". 
3.4 Identification of DEGs 
Two criteria of screening threshold were applied to identify differentially expressed 
genes (DEGs), that is, (i) the average of fold change in gene expression level was more 
than or equal to 2-fold between salt-treated and distilled water-treated samples and (ii) 
the false discovery rate (FDR) was less than 0.01. Under these criteria, 14,719 out of 
161,537 all-unigenes were found to be differentially expressed in at least one tissue at 
one condition (Figure 7). Overall, the number of DEGs was greater in the roots (8,665 
DEGs) than those in the leaves (7,795 DEGs) (Figure 7). There were also many more 
DEGs which responded at 1 h post-stress (9,242 DEGs) than those at 12 h (7,635 
DEGs). In both the leaves and the roots, the number of up-regulated DEGs by salt 
treatment was more prominent than that of down-regulated DEGs. Only a subset of 
DEGs shared a common tendency of expression changes between both organs, i.e., 432 
up-regulated and 110 down-regulated at 1 h post-stress; 133 up-regulated and 134 
down-regulated at 12 h post-stress (Figure 7). A relatively small portion of DEGs 
 
Figure 7. Number of DEGs regulated in the leaves and the roots of 3
0
 






showed an opposite tendency of expression changes between the two organs, i.e., 120 
DEGs up-regulated in the leaves but down-regulated in the roots and 96 DEGs 
down-regulated in the leaves but up-regulated in the roots at 1 h post-stress; 115 DEGs 
up-regulated in the leaves but down-regulated in the roots and 97 DEGs down-regulated 
in the leaves but up-regulated in the roots at 12 h post-stress. The remaining majority of 
DEGs were distinctly up-regulated or down-regulated in either the leaves or the roots. 
3.5 Validation of DEGs by semi qRT-PCR and real-time qPCR  
To validate the reliability of the sequencing-approach in identifying salt-responsive 
DEGs, 40 randomly selected DEGs for eight conditions, i.e., 23 DEGs at 1 h and 13 
DEGs at 12 h in the leaves; and 26 DEGs at 1 h and 13 DEGs at 12 h in the roots, were 
tested by semi qRT-PCR (Figure 8). These DEGs consisted of previously discovered salt 
responsive genes, genes encoding ion transport proteins and novel salt responsive genes. 
The novel salt responsive genes tested in this study were Nuclear Transport Factor 2, 
PQ-loop Repeat Family Protein, Response to Low Sulfur 2, Yellow-Leaf-Specific Gene 9, 
Ribonuclease 1, VQ-motif Containing Protein and some unknown proteins. The semi 
qRT-PCR profiles of these DEGs were basically in agreement with the RNA-seq results. 
Among these DEGs, expression trends of 12 DEGs were further evaluated by real-time 
qRT-PCR at 1 h, 3 h, 6 h, 12 h and 24 h (Figure 9). Although the expression fold change 
differed a little between the RNA-seq and qRT-PCR, the patterns were similar. 
To investigate whether salt sensitive line has the similar expression fold change of 
salt responsive DEGs to that of ‘Sapporo’, qRT-PCR analyses for some DEGs were 
carried out in a salt sensitive line, ‘Kirariboshi’. The result indicated that ‘Kirariboshi’ 
showed similar regulation of the expression fold change for most of the DEGs to that in  
 







Figure 9. Validation of DEGs with qRT
while the y-axis represents salt
treatment (0 mM). The number label above the bar is fold change obtained from 
RNA-seq data. The asterisk
-PCR. The x-axis represents hours post
-induced expression fold-change relative to control 





Figure 10. Comparison of expression fold
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‘Sapporo’ (Figure 10) except for Iron regulated transporter 3, Yellow-leaf-specific gene 
9 and Nuclear transport factor 2. The expression of both Iron regulated transporter 3 
and Yellow-leaf-specific gene 9 were up-regulated in the leaves of ‘Kirariboshi’ in 
response to salt treatment although down-regulation was observed in the leaves of 
‘Sapporo’. The expression of Nuclear transport factor 2 was down-regulated in the 
roots of ‘Kirariboshi’ whereas it was up-regulated in the roots of ‘Sapporo’. 
3.6 Functional Characterization of DEGs 
To further characterize the expression changes in these two organs at two time 
points, GO enrichment analysis was conducted for the DEGs with the whole 
transcriptome set as background (Appendix Table 5-12). The enriched GO terms were 
also compared between up-regulated and down-regulated DEGs at each time point after 
the salt treatment of both organs. In the roots, as the first organ exposed to salt stress, at 
1 h post-stress, the top five over-represented GO terms of “Biological Process” for 
up-regulated DEGs were “response to water deprivation”, “response to abscisic acid 
stimulus”, “response to chemical stimulus”, “hyperosmotic salinity response” and 
“response to organic substance” (Appendix Table 9). Over-represented GO terms 
existing in up-regulated DEGs at both 1 h and 12 h post-stress in the roots were 
“response to wounding”, “response to chemical stimulus”, “response to organic 
substance”, “regulation of response to stimulus”, “response to stimulus”, “response to 
chitin”, “response to stress” and “oxidoreductase activity” (Appendix Table 9,11). At 1 
h post-stress, in the leaves, the top five significantly over-represented GOs for 
up-regulated DEGs were “response to chitin”, “response to abscisic acid stimulus”, 
“response to organic substance”, “hyperosmotic salinity response” and “response to 
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jasmonic acid stimulus” (Appendix Table 5). Some over-represented GOs at 1 h 
post-stress in the leaves remained over-represented for that of up-regulated at 12 h 
post-stress, e.g., “response to abiotic stimulus”, “response to osmotic stress”, “response 
to cold”, “hyperosmotic salinity response”, “disaccharide transport”, “oligosaccharide 
transport” and “response to abscisic acid stimulus” (Appendix Table 5,7). However, 
there were also a number of over-represented GOs upregulated at 1 h post-stress in the 
leaves that became over-represented in all-unigenes down-regulated at 12 h post-stress, 
e.g., “respiratory burst”, “response to chitin”, “response to mechanical stimulus”, 
“intracellular signal transduction”, “cellular ketone metabolic process”, “defense 
response” and “organic acid metabolic process” (Appendix Table 5,8). When enriched 
GO terms of each condition were compared with each other, up-regulated DEGs at 1 h 
post-stress in both the leaves and the roots shared the greatest number of the same 
over-represented GO terms (49 GO terms) (Appendix Table 5,9; Figure 11). This 
indicates that genes of similar functions probably affecting similar pathways were 
simultaneously regulated, in this case, up-regulated in both the leaves and the roots to 
overcome salt stress.  
Little overlap was observed between the DEGs in the leaves and the roots at both 
time points. Similar observation has been found in the salt responsive transcriptome in 
Millettia pinnata (Huang et al., 2012). Certain salt-induced detrimental impacts varied 
between different parts of a plant, in this case, between the leaves and the roots. The GO 
enrichment analysis indicated that some distinct groups of genes were activated 
exclusively in either the leaves or the roots possibly to overcome salt inducible damages 
(Figure 11). For example, at 1 h post-stress, many phytohormone related pathways were 




Figure 11. Graphical overview of over-represented GO terms in the leaves and the 





gibberellins biosynthetic process” and “salicylic acid biosynthetic process”. Conversely, 
in the root at 1 h post stress, genes involved in synthesis of the cellular component and 
defense response were distinctly overrepresented, i.e., “cell wall assembly”, “cell wall 
macromolecule catabolic process”, “regulation of defense response” and “regulation of 
immune system process”. 
KEGG pathway enrichment analysis was also performed to further understand the 
biological meanings of the response time points of transcripts. Enrichment was 
considered to be significant at corrected p-value<0.05. In total for both time points, the 
DEGs were enriched in 19 ontologies and 23 ontologies in the leaves and in the roots, 
respectively, at corrected p-value<0.05 (Appendix Table 13-20; Figure 12-13). The 
KEGG category of “Environmental information processing” was significantly enriched 
in up-regulated root DEGs at both 1 h and 12 h post-stress (Appendix Table 17 and 19; 
Figure 13A,C). However, different pathways in this category were enriched in the 
respective up-regulated root DEGs at both time points, that is, “plant hormone signal 
transduction” at 1 h post-stress and “transporters” and “TGF-beta signaling pathway” at 
12 h post-stress. Besides, many pathways in the category of “Metabolism” were 
enriched at both time points in the roots. In the category of “Metabolism”, the clade of 
“Carbohydrate metabolism” was over-represented in the roots at both time points 
(Appendix Table 17 and 19). The over-representation of “Carbohydrate metabolism” 
was due to up-regulation of several genes involved in “glycolysis/gluconeogenesis”, 
“fructose and mannose metabolism”, “butanoate metabolism”, “amino sugar and 
nucleotide sugar metabolism” and “propanoate metabolism” at 1 h post-stress, and 
enrichment of “glycolysis/gluconeogenesis”, “pentose phosphate pathway” and 




Figure 12. Over-represented KEGG pathways for DEGs in the leaves. 
Over-represented pathways were identified in up-regulated DEGs at 1 h post-stress (A), 
down-regulated DEGs at 1 h post-stress (B), up-regulated DEGs at 12 h post-stress (C) 




Figure 13. Over-represented KEGG pathways for DEGs in the roots. 
Over-represented pathways were identified in up-regulated DEGs at 1 h post-stress (A), 
down-regulated DEGs at 1 h post-stress (B), up-regulated DEGs at 12 h post-stress (C) 
and down-regulated DEGs at 12 h post-stress (D), respectively. 
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enrichment in the roots at 1 h and 12 h post-stress depicted switches in functional 
pathway regulation at different time points for salinity adaptation in the roots. In the 
leaves, the number of over-representated KO terms was more prominent at 1 h 
post-stress than of that at 12 h (Appendix 13-16; Figure 12). At 1 h post-stress, a total of 
seven KO terms significantly enriched in the leaves were also found to be 
over-represented in the roots at 1 h post-stress (Appendix 13 and 17; Figure 12A; Figure 
13A). This result directly agreed with the GO enrichment analysis, in which both the 
leaves and the roots shared the most enriched GO terms at 1 h post-stress. Generally, the 
over-represented KO terms shared between the leaves and the roots at 1 h belong to the 
clades of “Lipid metabolism”, “Metabolism of terpenoids and polyketides”, “Signal 
transduction” and “Transcription”. The KEGG enrichment analysis depicted common, 
tissue-specific and time-point-specific patterns of over-representation. Overall, this 
observation demonstrated that various biological substances and signaling molecules are 
required to cope with salt stress. As more genes were differentially expressed in both 
organs and more over-represented GO and KO terms were shared between both organs 
at 1 h post-stress than that at 12 h, DEGs regulated at 1 h post-stress were particularly 
important for salinity adaptation and probably for salt tolerance as well. 
3.7 Transcription factors 
Various transcription factors (TFs) such as AREB/ABF, MYB, AP2/EREBP, bZIP, 
MYC, HSF, DREB1/CBF, NAC, HB and WRKY have been shown to orchestrate stress 
responsive pathways in plants (Singh et al., 2002; Shameer et al., 2009). Based on the 
putative annotation assigned by homology search with genes in PlantTFDB 2.0, 582 




Figure 14. Percentage of transcription factor families differently expressed in 
response to salt stress. Symbol "*" indicates an over-represented transcription factor by 






regulated in both the leaves and the roots at the early stage of salt stress, but only the top 
20 differentially regulated TF families are herein shown (Figure 14). These TF families 
were compared between the leaves and the roots and enrichment analysis was 
performed to identify families playing vital roles in early stress response.  
In the leaves, most of the regulated transcription factors belonged to WRKY, bHLH 
and S1Fa-like, in which the S1Fa-like transcription factor family was over-represented 
(Figure 14). S1Fa binds to a cis-element within both the cauliflower mosaic virus 35S 
promoter and the promoter of rps1, encoding plastid ribosomal protein S1 and 
negatively regulates their activity (Villain et al., 1994). Other than these two promoters, 
there was no finding of a novel target regulated by this class of transcription factor. A 
relatively large number of S1Fa-like transcription factors, i.e., 22 genes, were found to 
be up-regulated at 1 h post-stress in the leaves of B. napus. It would be interesting to 
elucidate the salt responsive target genes potentially regulated by this transcription 
factor family. 
In the roots, the majority of the regulated transcription factors belonged to WRKY, 
bHLH and NAC, in which bHLH was over-represented among the DEGs (Figure 14). 
These up-regulated DEGs annotated as bHLH showed high homology to Arabidopsis 
ICE2, ROX1 and some bHLH genes from B. rapa. In Arabidopsis, the expression of a 
bHLH transcription factor, identified as inducer of CBF expression 1 (ICE1), was 
up-regulated by salt stress (Chinnusamy et al., 2003). Two Arabidopsis bHLH 
transcription factors, i.e., ICE1 and ICE2, were discovered to regulate the transcription 
of CBF3 and CBF1, respectively, under cold stress. Overexpression of ICE1 and ICE2 
enhances the expression of CBF3 and CBF1 and, in turn, improves freezing tolerance 
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(Fursova et al., 2009; Zhou et al., 2009). Besides, two homologues of ICE, i.e., 
OrbHLH001 and OrbHLH2, from wild rice (Oryza rufipogon) are salt-inducible and 
overexpression of these two genes in Arabidopsis has been found to improve tolerance 
to salt stress (Zhou et al., 2009; Li et al., 2010a). This group of transcription factors was 
over-represented in the roots of B. napus at an early stage after salt stress, indicating its 
possible role in regulating other important salt responsive genes in this species. 
In both the leaves and the roots, WRKY was the most abundant differentially 
regulated transcription factor in response to salt stress (Figure 14). Most of these 
up-regulated DEGs showed high homology to previously identified WRKY genes in 
Arabidopsis and B. napus, e.g., BnWRKY3, BnWRKY4, BnWRKY11, BnWRKY29, 
BnWRKY40 and BnWRKY46. Recently, many studies have shown that WRKY genes in 
wheat (Niu et al., 2012), soybean (Zhou et al., 2008), Tamarix hispida (Zheng et al., 
2013) and Arabidopsis (Hu et al., 2013) are quickly induced at an early time point of 
salt stress. Salt responsive WRKY genes identified in wheat, soybean and T. hispida 
also enhance salt tolerance when overexpressed in plants (Niu et al., 2012; Zhou et al., 
2008; Zheng et al., 2013). A total of 13 BnWRKY genes, including BnWRKY11 and 
BnWRKY40, in B. napus have been found to be responsive to both fungal pathogens and 
hormone treatments (Yang et al., 2009). So far, there has been no finding of WRKY 
genes in B. napus responsive to salt stress and conferring salt tolerance. The salt 
responsive WRKY genes identified in this study are good candidates for further 
investigations for their potential roles in salt tolerance in B. napus. 
In addition, a large number of all-unigenes showing homology to various NAC 
transcription factor genes, e.g., BnNAC5-1, ANAC001, ANAC036, ANAC055 and 
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ANAC090, were found to be up-regulated in the roots of B. napus at 1 h or 12 h 
post-stress. It has been reported that six NAC genes (BnNAC1-1, BnNAC5-1, 
BnNAC5-7, BnNAC5-8, BnNAC5-11 and BnNAC14) were up-regulated by various biotic 
and abiotic stresses such as mechanical wounding, insect feeding, fungal infection, cold 
shock and dehydration (Hegedus et al., 2003). Overexpression of BnNAC5 in a vni 
T-DNA insertion mutant with salt-hypersensitive defect recovered the normal phenotype 
and many stress-responsive genes were enhanced in the BnNAC5 overexpressing lines 
(Zhong et al., 2012). Up-regulation of several NAC transcription factors in B. napus in 
the roots and the leaves is considered to be crucial for subsequent induction of stress 
responsive genes for tolerance. 
3.8 Regulation of ion transporter genes involved in ion homeostasis 
Among the 2,563 transporter genes annotated, 436 were either up-regulated or 
down-regulated by salt stress, i.e., 231 transporter DEGs in the leaves, 261 DEGs in the 
roots and 56 DEGs in both organs. Here, I focus on the regulation of ion transporters 
with potential functions in ion homeostasis in response to salt stress. The expression 
changes, subcellular localization and functions are illustrated in Figure 15. 
As shown in Figure 15, HKT1 was found to be down-regulated in the roots at an 
early stage after salt stress, but up-regulated in the leaves at 1 h post-stress. According 
to the qRT-PCR result, the up-regulation of HKT1 was the most prominent in the leaves 
at 24 h (Figure 9). Na
+
 enters plant cells through HKT1, the high-affinity K
+
 transporter, 
and some other non-selective cation channels. Down-regulation of HKT1 in the roots 
can reduce toxic Na
+
 influx into the cytosol. However, up-regulation of HKT1 
expression in the leaves would further enhance salt tolerance of this B. napus line. It has  
 
Figure 15. Regulation of transporter genes during salt stress.
depicting log2 fold-change of differential expression of transporter genes in 
(B) Cellular localization and functions of the regulated transporter in response to salt 








-regulation while those highlighted in re
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been demonstrated that AtHKT1;1 is localized at the plasma membrane of xylem 
parenchyma cells in the shoots (Sunarpi et al., 2005). Previous study has shown both 
reduced phloem Na
+
 and elevated xylem Na
+
 in the shoots of hkt1;1 mutants, thus 
indicating that AtHKT1;1 functions primarily to transport Na
+
 from the xylem into 
xylem parenchyma cells, at least in the shoots. Retrieval of Na
+
 from the xylem in the 
shoots reduces net Na
+
 influx into the shoots (Sunarpi et al., 2005). Based on this model, 
up-regulation of HKT1 in the leaves of this B. napus line possibly reduces Na
+
 transport 
into the leaves for salt tolerance. 
Several transporters involved in cellular Ca
2+
 regulation exhibited differential 
expression. Expressions of many cyclic nucleotide-gated ion channels (CNGC) were 
found to be up-regulated in both the leaves and the roots of B. napus (Figure 15). The 
glutamate receptors (GLR) were also up-regulated in both organs by salt stress. Many of 
these CNGC and GLR molecules function in transporting Ca
2+
 into the cytosol. Some of 
these ion channels are also responsible for maintenance of cellular K
+
 content. 
Well-known initial responses of plant cells to salt stress are the generation of transient 
cytosolic Ca
2+
 flux and the subsequent activation of Ca
2+
 sensor proteins (Knight et al., 
1997). High concentrations of Na
+





 contents of many plant species (Greenway and Munns, 1980; Rathert, 1983) 




 deficiencies (Maas and Grieve, 
1987; Muhammed et al., 1987). It has been reported that the expression of AtCNGC1 
restored the Ca
2+
 conducting activity of a Ca
2+
 uptake-deficient mutant in response to 
mating pheromone (Ali et al., 2006). The expression of AtCNGC1 in K
+
 uptake 
deficient mutants of yeast and Escherichia coli enhanced growth of these mutants and 
increased intracellular [K
+
]. The increased expression of CNGC and GLR at an early 
48 
 





] maintenance in B. napus.  
Furthermore, two calcium-transporting ATPases homologous to Arabidopsis ACA8 
and ACA12 were up-regulated in the leaves and the roots in B. napus in response to salt 
treatment (Figure 15). The Ca
2+
-ATPase genes from Arabidopsis (ACA12) and the moss 
Physcomitrella patens (PCA1) have been shown to be up-regulated after salt treatment 
(Maathuis et al., 2003; Qudeimat et al., 2008). It has been proposed that Ca
2+
-ATPase is 
required to restore the [Ca
2+
]cyt to pre-stimulus levels for generation of a specific 
transient increase in [Ca
2+
]cyt essential for activation of signaling pathways related to 
abiotic stress (Qudeimat et al., 2008). It has been revealed that the moss PCA1 
loss-of-function mutants failed to generate a salt-induced transient Ca
2+
 peak and 
exhibited sustained elevated [Ca
2+
]cyt in response to salt treatment, while WT moss 
showed transient Ca
2+
 elevation followed by restoration to pre-stress level (Qudeimat et 
al., 2008). The PCA1 mutants were also more susceptible to salt stress and displayed a 
decreased expression level of stress-responsive genes (Qudeimat et al., 2008). Besides, 
a recent study has reported that the aca8 and aca10 mutant plants displayed decreased 
Flg22-triggered Ca
2+
 influx and ROS accumulation (Frey et al., 2012). Therefore, an 
increased ACA8 and/or ACA12 expression in B. napus suggested their putative 
involvements in transient Ca
2+
 influx for subsequent activation of the signaling pathway 
essential for salt tolerance. 
K
+
 efflux antiporters (KEAs) were found to be down-regulated in the leaves (KEA4) 
and in the roots (KEA4, KEA6) (Figure 15). The role of KEAs in ion homeostasis is 





 out of the cellular compartment to maintain the cellular K
+
 level if it is 
localized at the plasma membrane. Localization of KEAs in B. napus or Arabidopsis 
and functional characterization using heterologous expression systems are necessary to 
determine their physiological roles. Another K
+
 transporter, KUP11, was up-regulated at 
1 h post-stress in the leaves. KUP11 has previously been found to be up-regulated by 
salt stress in Arabidopsis shoots (Maathuis, 2006). An increase of transcripts of KUP1 
and KUP4 homologues has also been found in the ice plant (Mesembryanthemum 
crystallinum) during K
+
 starvation and salt exposure (Su et al., 2001). Up-regulation of 
KUP11 in the leaves in B. napus may contribute to maintenance of cytoplasmic K
+
 









. In addition, a shaker-type potassium channel 
(SKOR) was up-regulated in the roots (Figure 15). In Arabidopsis, substantial 
salt-induced up-regulation of SKOR in roots has been observed (Maathuis, 2006). The 
SKOR channel mediates K
+
 release into the xylem channel (Gaymard et al., 1998). 
Up-regulation of both SKOR in roots and AKT2/3 in shoots would also result in 
increased rates of K
+
 circulation through vascular tissue, pointing towards a long 
distance redistribution of K
+
 between the roots and shoots (Shabala and Cuin, 2008). 
Up-regulation of SKOR in the roots of B. napus is considered to be important in K
+
 
homeostasis under saline conditions by promoting K
+
 circulation throughout the 
vascular tissue. In the roots of B. napus, a gene for vacuolar membrane-localized 
KCO6/TPK3 was also up-regulated at an early stage of salt stress. In tobacco, a KCO6 
homolog, NtTPK1 was increased ~2-fold by salt stress (Hamamoto et al., 2008). 
Expression of NtTPK1 in mutant E. coli deficient in three major K
+
 uptake systems 
rescued its phenotype (Zhu, 2003). Based on the above finding, up-regulation of 
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KCO6/TPK3 in B. napus may be involved in transporting K
+
 into the cytosol resulting 
in alleviation of salt stress. 
Expressions of a number of plasma membrane ATPase genes were up-regulated in 
the roots of B. napus at 1 h post-stress (Figure 15). In plant cells, primary active 
transport mediated by H
+
-ATPases and secondary transport mediated by channels and 
co-transporters are crucial to maintain characteristically high concentrations of K
+
 and 
low concentrations of Na
+
 in cytosol. Plasma-membrane H
+
-ATPase generates driving 
force for Na
+
 transport by SOS1 during salt stress (Zhu, 2003). Disruption of the 
root-endodermis-specific plasma-membrane H
+
-ATPase, i.e., AHA4, in mutant 
Arabidopsis plants has also been found to enhance salt sensitivity (Vitart et al., 2001). 
The transcript levels of some H
+
-ATPases have also been shown to increase in response 
to salt stress (Hamilton et al., 2002). 
In the roots, the transcription of mitochondrial ATP synthase α- and β-subunit 
together with ATP/ADP carrier was significantly up-regulated at 1 h post-stress (Figure 
15). In wild-type yeast, NaCl stress increases both the mitochondrial F1F0-ATPase 
activity and expression of the F1F0-ATPasse α-subunit (Hamilton et al., 2002). 
Mitochondrial F1F0-ATPase activity in an aluminium tolerant wheat variety was also 
found to increase along with Al concentration although the α-subunit transcript 
remained constant (Hamilton et al., 2001). Up-regulation of both ATP synthase subunit 
and ATP/ADP carrier might correlate with the increase of F1F0-ATPase activity in the 
roots. Perhaps these up-regulations facilitate increased ATP synthesis and the transport 
rate of ATP into cytosol for regulation of various cellular processes and active transport 
for adjustment to salt stress. 
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Salt treatment also down-regulated the expression of plasma membrane-localized 
aquaporin PIP genes in both the leaves and the roots of B. napus at early stage of salt 
stress (Figure 15). Aquaporins are water channel proteins, which facilitate passive 
movement of water molecules down a water potential gradient (Kjellbom et al., 1999). 
Most of the water transport in plants occurs via aquaporins. Overexpression of 
Arabidospis plasma membrane aquaporin, PIP1b, in tobacco enhances growth rate, 
transpiration rate, stomatal density and photosynthetic efficiency under favorable 
growth conditions (Aharon et al., 2003). Conversely, overexpression of this aquaporin 
protein does not seem to have a beneficial effect under salt stress, and transgenic plants 
wilt faster than wild-type plants under drought stress (Aharon et al., 2003). Since 
overexpression of PIP results in enhanced symplastic water transport and increases 
stomatal density, such conditions are detrimental for plants growing under abiotic 
stresses. Down-regulation of PIP in both the leaves and the roots might assist plants to 
cope with salt stress by limiting symplastic water transport and transpiration rate to 
prevent water loss.  
A gene with high similarity to cation calcium exchanger, CCX1, in Arabidopsis was 
found to be up-regulated in the leaves of this B. napus line (Figure 15). There are five 
CCX homologs (CCX1 to CCX5) in Arabidopsis and both CCX3 and CCX4 have been 
functionally characterized (Morris et al., 2008). Expression of Arabidopsis AtCCX3 and 







 transport (Morris et al., 2008). Subcellular localization indicates that AtCCX3 is 
accumulated in plant tonoplast (Morris et al., 2008). Expression of AtCCX3 increases in 
plants treated with NaCl, KCl and MnCl2. Similar to AtNHX1-overexpressing plants, 
AtCCX3-expressing lines accumulate higher Na
+
 (Morris et al., 2008). However, since 
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AtCCX3-expressing plants did not appear to be salt tolerant, AtCCX3-expressing lines 
did not completely resemble AtNHX1-expressing plants. Therefore, it was hypothesized 
that overexpression of AtCCX3 disrupts tonoplast V-type H
+
 translocating ATPase 
activity, causing a general disruption in pH homeostasis (Morris et al., 2008). AtCCX3 









 transport properties (Morris et al., 2008). There is a possibility 
that CCX1 expressed in B. napus functions in sequestration of Na
+
 into vacuoles and in 
ion homeostasis. Function characterization of CCX1 in either Arabidopsis or B. napus is 
necessary to elucidate its involvement in salt tolerance. 
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Chapter 3. Association analysis for variation in salt tolerance of Brassica napus L. 
1. Introduction 
The purpose of genetic mapping studies is to identify quantitative trait loci (QTL) 
that are responsible for phenotypic variation. Linkage mapping and genome-wide 
association study (GWAS) share a common strategy that exploits recombination's ability 
to break up the genome into fragments that can be correlated with phenotypic variation. 
Linkage mapping is a controlled experiment, in which individuals are crossed to 
generate a mapping population. In plants, mapping populations are generally derived 
from biparental crosses and a small number of genetic markers are used to infer the 
locations of the relatively few recombination breakpoints. With genotype data across the 
genome, a genomic region between two specific breakpoints associated with a 
phenotype can be determined. On the other hand, in association mapping, genotype and 
phenotype data are collected from a population comprising diverse accessions. 
Correlations between genetic markers and phenotypes are sought within this population. 
Association mapping involved diverse accessions provides higher mapping resolution 
than the closed system of controlled crosses, but population structure and kinship has to 
be taken into consideration to avoid spurious associations. 
GWAS has successfully identified genomic regions associated with abiotic stress 
tolerance in various plant species, e.g., Arabidopsis, rice, barley, maize, sorghum, 
chickpea and etc. (Verslues et al., 2014; Famoso et al., 2011; Negrão et al., 2013; Long 
et al., 2013; Liu et al., 2013; Caniato et al., 2014; Thudi et al., 2014). In rice, 40 new 
allelic variants associated with salt tolerance have been found in the coding regions of 
five key salt-related genes, i.e., OsHKT1;5, OsNHX1, SalT, OsCPK17 and OsRMC, 
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 ratio equilibrium, signaling cascade and stress 
protection (Negrão et al., 2013). In maize, a significant association between the DNA 
polymorphism in the promoter region of ZmDREB2.7 and drought tolerance at seedling 
stage has been identified (Liu et al., 2013). 
In B. napus, GWAS has been applied to reveal genomic regions associated with 
agronomic traits, e.g., flowering time, glucosinolate content, seed oil content, seed size 
and seed weight (Hasan et al., 2008; Zou et al., 2010; Harper et al., 2012; Wang et al., 
2011, Li et al., 2014a). However, genetic factors responsible for salt tolerance have not 
been investigated in B. napus. In this study, the salt tolerance of a panel of 85 rapeseed 
accessions from all over the world was investigated. The correlation between salt 







), were assessed. Genomic regions associated with salt tolerance were identified 
and candidate genes contributing to salt tolerance were shortlisted. 
2. Material and methods 
2.1 Plant materials 
A set of 85 rapeseed inbred lines obtained from Tohoku University Brassica Seed 
Bank and Oil Crop Research Institute Chinese Academy of Agricultural Science were 
used for salt tolerance evaluation (Appendix Table 21). Among them, 51 accessions 
originated from Asia, 16 from Western Europe, 10 from North America, 4 from Eastern 
Europe and 1 from Africa. A part of these lines have been used in the study of 




2.2 Experiment design and salt tolerance evaluation 
Salt tolerance traits were evaluated at seedling stage using the hydroponic system as 
described by Tocquin et al., (2003) using bigger hydroponic containers (24 × 18 × 7 cm, 
L × W × H). Seeds from all the 85 lines were germinated in 0.25× Hoagland agar 
medium for 4 days. Seedlings of similar germination rate were then individually 
transferred to the hydroponic system and were grown for two weeks in a green house. 
Temperature in the greenhouse was 23
o
C during the day and 17
o
C at night. The 
hydroponic growing medium was 0.25× Hoagland solution and solution was replaced 
every two days. NaCl was gradually added to the growing medium with a 25 mM 
increment for every two days to bring the solution to a final salt concentration of 100 
mM. Seedlings were then grown for another three weeks and aerial parts of the 
seedlings were then harvested for measurement of biomass and ion content. 
The experiment has a randomized complete block design, with three blocks per 
treatment, three plots per block and three seedlings per plot. There were six replicates 
per genotype (three per treatment). Thus, each experiment comprised six randomized 
blocks allocated to three hydroponic units with the control treatment (0 mM) and three 
units with the salt treatment. 
The fresh weight (FW) of all aerial parts of the seedlings from the control and salt 
stress treatment was weighted immediately after harvest. Shoots of individual seedlings 
were dried separately in a forced-air oven at 80
o
C for 10 days prior to the determination 
of dry weight. Salt tolerance index was determined as the ratio of the shoot dry weight 
under the saline condition to that under the control condition according to the previous 
publications (Munns and James, 2003; Nasu et al., 2012). 
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. Dried samples were ground into powder using MiXer MiLL MM300 
(QIAGEN Inc., USA), and 20 mg of the powder were hydrolyzed with 5 ml of 1 N 
hydrochloric acid at room temperature overnight and filtered using Whatman 42 mm 
paper. Ion contents were estimated using an A-2000 atomic absorption 







 (Wako Pure Chemical Industries Ltd., Osaka, Japan) were used for calibration. 
2.3 Marker genotyping and in silico mapping 
Genomic DNA was extracted from the leaves from each accession using the CTAB 
method (Murray and Thompson, 1980) and then diluted to 50-100 ng/µl. DNA samples 
were sent to Diversity Arrays Technolgy Pty Ltd. (DArT P/L), Australia for genotyping. 
Genotyping was conducted by using DArTseq
TM
, a modified method of RAD-seq. In 
brief, genome complexity was reduced by digestion of PstI/TaqI restriction enzymes 
followed by Illumina short-read sequencing (Courtois et al., 2013). Digested DNA 
sample of each individual was then ligated with PstI-specific adapters tagged with 
unique barcode. The resulting products were amplified and checked for quality. All 
samples were pooled and run in a single lane on an Illumina Hiseq2000 instrument. The 
PstI adapters included a sequencing primer so that the tags generated were always read 
from the PstI sites. The resulting sequences were filtered and split into their respective 
target datasets. A proprietary analytical pipeline developed by DArT P/L was used to 
produce marker information comprising DArT score tables and SNP tables. Only 
markers with more than 95% of reproducibility were extracted from the sequence 
information. Two types of markers, i.e., DArT and SNP, were scored. DArT markers are 
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dominant markers scored as “presence/absence” extracted from genomic sequences. 
The sequences of markers were aligned with Brassica napus pseudomolecules 
version 4 (Harper et al., 2012) by BLAT (Kent, 2002) with a minimum of 90% identity 
in the matched region (Additional file 23). Percentage of matched bases of a query 
sequence was used to rank multiple hits of the same query sequence. Sequences with 
multiple top hits of the same identity were eliminated. Markers with call rates below 
80% or minor allele frequency less than 0.05 were excluded from analysis. 
2.4 Genome-wide association study (GWAS) 
Prior to association analysis, population structure was inferred by the software 
packages STRUCTURE v2.3.4 (Pritchard et al., 2000). Twenty independent runs were 
implemented with a k value, in which k refers to the number of populations, ranging 
from 1 to 10, with the length of burn-in period of 100,000 and the number of MCMC 
(Markov Chain Monte Carlo) replications of 100,000 under the ‘admixture model’. The 
posterior probability of data for a given k, Pr(X|k), was estimated. The algorithm of 
STRUCTURE assumes a model in which there is k number of populations (where k 
might be unknown), each of which is characterized by a set of allele frequencies at each 
locus. Individuals in the sample are assigned to populations, or jointly to two or more 
populations if their genotypes indicate that they are admixed. The most likely k value 
was determined by plotting the log probability of data, Ln Pr(X|k), from now onwards 
referred as L(k) and an ad hoc statistic ∆k was based on the rate of change of L(k) 
between successive k values (Evanno et al., 2005). Q matrix of the most likely k was 
used in association mapping to control population structure. Estimation of genetic 
relatedness between accessions by principal component analysis (PCA) was done by 
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EIGENSTRAT software (Price et al., 2006; Patterson et al., 2006; Kang et al., 2010). A 
subset of 5,000 markers evenly distributed across the genome was employed to generate 
kinship matrix by SPAGeDI (Hardy and Vekemans, 2002). 
GWAS was performed using six models by TASSEL 3.0 (Bradbury et al., 2007), i.e., 
(i) naïve, without controlling for population structure and kinship, (ii) Q model, 
controlling for population structure, (iii) PCA model, controlling for population 
structure by using the top 10 principal components as covariates, (iv) K model, 
controlling for kinship, (v) Q+K model, controlling for both population structure and 
kinship, and (vi) PCA+K model, controlling for both population structure by PCA and 
kinship. The naïve, Q and PCA models were performed by a general linear model 
(GLM) while the K, Q+K and P+K models were performed by a mixed linear model 
(MLM) with optimum compression and population parameters previously determined 
(P3D) variance component estimation. Deviation of the observed –log10(P) for each 
SNP of marker-trait associations from the expected distribution was assessed by 
Quantile-quantile (QQ) plots. The threshold to declare a significant marker-trait 
association was set at a probability level of P value < 1×10
-4
. 
3. Results and Discussions 
3.1 Phenotypic variation 















 in the hydroponic growing system was assessed by analysis of 
variance (Table 4 and Table 5). For all the traits evaluated in this study, the replicate 
effect was not significant. The treatment effect and the genotype effect were highly 
 
 
Table 4. Analysis of variance for shoot FW, DW, leaf K
+
 and leaf Ca
2+








n.s. indicates non-significant difference. 












Shoot FW 0.55n.s. 685.9*** 20.27*** 3.58*** 
Shoot DW 2.93n.s. 679.72*** 25.54*** 5.17*** 
Leaf K
+
 1.24n.s. 9603.37*** 7.99*** 5.00*** 
Leaf Ca
2+


































 ratio 0.24n.s. 8.03*** 
n.s. not significant 














significant for all the traits. There were significant reductions of FW and DW due to salt 
stress (Table 6). There were also significant variations in all traits for both control and 
salt treatment. Significant variations in both FW and DW among accessions under the 
control condition indicate difference in growth rates, although seedlings with similar 
germination rates were used for salt tolerance evaluation. There were also significant 




 contents in all the accessions. Na
+
 was not detected in the 
leaves of all the accessions under the control condition (data not shown). In salt treated 
samples, the leaf Na
+
 content varying from 29.2 mg/g to 80.1 mg/g had a coefficient of 
variation of 16.2%. 
3.2 Salt tolerance index and correlation with other traits  
Large variation in salt tolerance index was observed in the association panel ranging 
from 0.311 to 0.999 (Appendix Table 22; Figure 16). Thirteen lines having salt tolerance 
index more than 0.9 were found, i.e., Ability, Early Giant Rape 271-16, Futsu5, Fuyou1, 
Hja 82470, Meijian, Napobrassica-purple, Nanashikibu, Nourin20, Sapporo, Tower, 
Westar and Zaofeng5.  
Interestingly, salt tolerance index is not significantly correlated with leaf Na
+
 
content (Table 7, Figure 17A), although tolerant lines could be high Na
+
 accumulating 
lines (Rus et al., 2006). High salt tolerance is often related to shoot Na
+
 content in many 
plant species such as durum wheat, bread wheat, barley and rice (Munns et al., 2012; 
Munns and James, 2003; Gorham, 1990; Schachtman and Munns, 1992; Forster, 2001; 
Zhu et al., 2001; Poustini and Siosemardeh, 2004). Nevertheless, in the eighty five 
accessions of B. napus evaluated in this study, no such correlation was observed. 
Although a previous study has shown that salt tolerant B. napus lines accumulated 
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Table 6. Summary of statistics of the 85 accessions describing the phenotypic 
variation for growth traits and ion accumulation evaluated after 3 weeks of control 
(C) and salt stress treatment (S) 
a
LSD = least significant difference 
b










   
Min Max 
  
Shoot FW (g/plant) C 10.35 3.96 19.35 2.81 35.76 
 
S 6.66 2.27 13.79 2.24 37.70 
Shoot DW (g/plant) C 0.70 0.21 1.63 0.22 46.59 
 
S 0.42 0.14 0.96 0.16 45.16 
Leaf K
+
 (mg/g) C 39.89 29.03 51.46 4.99 12.07 
 
S 14.81 6.00 27.01 4.19 24.32 
Leaf Ca
2+
 (mg/g) C 40.41 24.44 58.06 6.00 21.10 
 
S 15.90 7.26 24.68 3.21 23.09 
Leaf Na
+






























Table 7. Coefficients of correlation (r) between shoot biomass and ion 
accumulation traits and salt tolerance index after 3 weeks of salt stress treatment 
(S) and control (C)  
n.s. not significant 






Trait Treatment r with salt tolerance index 
Shoot FW C -0.315*** 
 S 0.258*** 
Shoot DW C -0.355*** 
 S 0.271** 
Leaf K
+
 C 0.075n.s. 
 S -0.156n.s. 
Leaf Ca
2+
 C 0.192n.s. 
 S -0.268** 
Leaf Na
+










 S 0.238*** 
 
Figure 17. Relationship of salt tolerance index with leaf Na
treatment (A) and shoot dry weight under 
+
 content 
control condition (B). 
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 (Ashraf and McNeilly, 1990), many tolerant lines accumulated high 
shoot Na
+
 in the present study. In Arabidopsis, a positive relationship between plant salt 
tolerance and shoot Na
+
 accumulation has been reported (Jha et al., 2010). An 
Arabidopsis ecotype Tsu1 accumulating high shoot Na
+
 exhibits greater salt tolerance 
than a low shoot Na
+
 accumulating line, Col-0 (Rus et al., 2006). Apse et al., (1999) 





 antiporter responsible for Na
+
 sequestration into vacuole is more salt 
tolerant and accumulates more shoot Na
+
 than that of wild type plants. Perhaps, a more 
efficient Na
+
 compartmentation and detoxification mechanisms exist in the high Na
+
 
accumulating B. napus lines resulting in salt tolerant phenotype. 
A significant inverse correlation was observed between salt tolerance and shoot FW 
(r = -0.315; P < 0.001) or DW (r = -0.355; P < 0.001) under control condition (Table 7, 
Figure 17B). Similar observation was found in Arabidopsis (Jha et al., 2010), in which 
accessions exhibiting slower growth rate were more salt tolerant. It has been proposed 
that slower growth rate resulting in slower water uptake allows better partition of Na
+
 
transported from root to shoot through transpiration stream (Jha et al., 2010). Thus, salt 
tolerance in B. napus might be more related to plant growth rate, in which accessions 
exhibiting slower growth in the normal conditions are more salt tolerant than others. 
Significant negative correlation between salt tolerance index and leaf Ca
2+
 content 




 ratio were observed 
in this study (Table 7). One possible explanation for this observation is that elevated 
Ca
2+
 concentration in cytoplasm could induce programmed cell death (Levine et al., 
1996) and maintenance of overall low Ca
2+
 level in leaf might mitigate this impact 
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 selectivity is not a useful criterion in discriminating between lines 
varying in degree of salt tolerance. 
3.3 Marker quality, distribution and diversity 
The DArTseq method yielded 51,109 markers (35,943 DArT markers and 15,166 
SNPs). Of these, 14,983 markers aligned to more than one location on the 
pseudomolecules were removed. With a cut-off of call rate less than 0.8 and minor allele 
frequency less than 0.05, 4,338 and 6,954 markers, respectively, were removed. Among 
the selected 24,834 markers, 12,043 and 12,791 were mapped to the A genome and the 
C genome, respectively. 
3.4 Population structure, relative kinship and linkage disequilibrium 
A subset of 5,000 SNPs evenly distributed across the genome was used to assess 
population structure of the association panel by STRUCTURE. Clustering inference 
performed with possible clusters (k) from 1 to 10 revealed most significant increase of 
L(k) when k increased from 1 to 2 (Figure 18) and the ∆k value peaked at k=2. Both 
analyses indicated that the 85 accessions could be assigned to two groups. By applying 
a proportion of membership threshold of 0.7, 48 and 13 accession were grouped into 
two different groups, while the remaining 24 accessions were classified into a mixed 
group (Appendix Table 21). Most of the accessions from group 1 were from Asia while 
majority of group 2 were from North America. Genetic variances between accessions 




Figure 18. Population structure of B. napus lines. (A) Estimated L(k) of possible 
clusters k from 1 to 10; (B) ∆k based on the rate of change of L(k) between successive k; 
(C) Bar plot of population structure based on k=2; blue color represents Group 1, red 










familial kinship analysis indicated that the average relative kinship between any two 
accessions was 0.0726. A fraction of 93.1% of the kinship coefficients between two 
accessions was less than 0.2 and this showed that most accession have no or weak 
kinship in this association panel (Appendix Table 24). The average genome-wide 
linkage disequilibrium for all pair-wise r
2
 for all markers was 0.0401. 
3.5 Assessment of models for GWAS by QQ-plots 
Marker-trait association analyses for the twelve salt tolerance-related traits were 
performed to estimate the effects of population structure (Q), PCA and familial 
relationship (K) for controlling false associations. For all twelve traits, the distribution 
of observed –log10(P) values from the naïve and Q model greatly deviated from the 
expected –log10(P) values assuming that no association exists (Figure 19A,B). All the 
MLM models controlling relative kinship, i.e., K, Q+K, and P+K, had similar effects in 
reducing the false positives, in which P+K depicted more stringent effect than K and 
Q+K models (Figure 19). In this study, considering the issue of both false positives and 
false negatives, P and Q+K models were employed to identify association signals as 
suggested by Li et al. (2014a).  
3.6 Marker-trait associations 
A summary of significant marker-trait associations identified under both the P and 
Q+K model, –log10(P) and correspondence with QTLs detected from previous studies 
are given in Table 8-10. In brief, 11 QTLs, 10 QTLs and 41 QTLs for salt tolerance 
index, shoot biomass and ion homeostasis related traits, respectively, were identified by 
association mapping (Table 8-10; Figure 20-25). 
 
Figure 19. Quantile-quantile plots for all 12
Q (B), P (C), K (D), Q+K (E) 
 traits evaluated by six models




: naïve (A), 
 
Figure 20. Manhattan plots of association analysis using the P and Q
associated with salt tolerance index located within the association signals
threshold −log10(P)=4. The x-axis represents chromosome7
1
 
+K models for salt tolerance




 index. Candidate genes 
 
 
Table 8. Significant marker associations (-log10(P) > 4) with salt tolerance index 





 Gene Position (kb) 
P Q+K 
Salt tolerance 3081159 A1: 11,186 5.78 4.91 JCVI_12909 BnaaUBC32 A1:10,739 
  
  EX121055 BnaaTSN1 A1:11,479 
3089729 A2: 3,500 4.81 4.14 JCVI_6 BnaaENH1 A2:3,094 
4336762 A3: 28,352 5.45 4.36 JCVI_374 BnaaSIP3 A3:28,089 
3170777 A5: 21,021 5.82 4.38 JCVI_34120 BnaaDREB2B A5:21,112 
3075557d A6: 9,610 4.53  
   
3123074 A7:447 5.46 4.25 JCVI_6167 BnaaHA1 A7:674 
3193594d A9:37,222 4.31  
   
3112162d C2:37,143 4.39  
   
3082417 C3:64,877 4.95 4.43 JCVI_33284 BnccCBL10 C3:64,707 
  
  JCVI_639 BnccVAMP711 C3:65,260 
3110718 C4:22,897 4.81 4.17 
   
3085290 C9: 62,557 5.52 4.49 JCVI_32503 BnccDREB2A C9:61,885 
  
  JCVI_16510 BnccSTZ C9:62,436 
a





Figure 21. Manhattan plots of associa
shoot fresh weight under control (A) and stress (B
associated with the association signals
represents the threshold −log
tion analysis using the P and Q
) condition. Candidate genes 
 are shown along the top. The horizontal red line 
10(P)=4. The x-axis represents chromosome
73 
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Figure 22. Manhattan plots of associa
shoot dry weight under control (A) and stress (B) 
associated with the association signals
represents the threshold −log
tion analysis using the P and Q
condition. Candidate genes 
 are shown along the top. The horizontal red line 
10(P)=4. The x-axis represents chromosome
74 
 






















    
3084103d C3:57,097 4.19 
 
EV087355 BnccCESA2 C3:56865 Basunanda et al., 2010 
    
EV161299 BnccBRI1 C3:56936 
 
        
Shoot FW 
(stress) 
3082482d A3:23,073 4.34 
 









    
4119552 C7:32,327 
 
4.18 JCVI_11990 BnccSOS1 C7:32030 
 
        
Shoot DW 
(control) 
3214082d A1:27,027 4.04 
 
EV216103 BnaaSDP6 A1:26697 
 
3088481 C6:3,813 4.12 
     






    
3136694d C2:4,346 
 




    
4119552 C7:32,327 
 
4.35 JCVI_11990 BnccSOS1 C7:32030 Yang et al., 2011 
a 






Figure 23. Manhattan plots of as
leaf K
+
 under control (A) and stress (B) 
the association signals are shown along the top. The horizontal red line represents the 
threshold −log10(P)=4. The 
sociation analysis using the P and Q
condition. Candidate genes associate
x-axis represents chromosomes. 
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Figure 24. Manhattan plots of associa
leaf Ca
2+
 under control (A) and stress (B) 
the association signals are shown along the top. The horizonta
threshold −log10(P)=4. The 
tion analysis using the P and Q
condition. Candidate genes associate
l red line represents the 
x-axis represents chromosomes. 
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association signals are shown along the top. The horizontal red line represents the 
threshold −log10(P)=4. The 





 (C). Candidate genes associate
x-axis represents chromosomes. 
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3155256d A4:9,609 4.50  JCVI_32178 BnaaCHX18 A4:9534  
    EV093754 BnaaKAB1 A4:9806  
3081713d C8:30,941 4.63      





3163803 A3:28,350 4.27  JCVI_36404 BnaaCNGC9 A3:27861  
    EE426426 BnaaKC1 A3:28700  
3078901 A4:318 4.17 
 
4118324d A5:2,115 5.15 
 
3114557 A7:23,316 4.44 
4335484 C5:34,186 4.08 







3095934 A5:7,723 4.45 EX035075 BnaaGLR2.8 A5:8054 Ding et al., 2010 
3114177d A6:20,876 5.70 Liu et al., 2009 





3086733 A10:11,803 4.18 CD825299 BnaaANNAT8 A10:11556 Liu et al., 2009 
   DW997743 BnaaANNAT7 A10:12261 
Broadley et al., 
2008 
   
























4116137d C2:28,624 4.36 4.13 Ding et al., 2010 
3132895d C4:13,327 4.31  






3074624d A5:22,987 4.10  Ding et al., 2010 
3173674d C9:1,038 4.92  EV201316 BnccECA2 C9:549 Ding et al., 2010 
  Broadley et al., 2008 
Na
+
 3099118d A3:7,395 4.34  ES903682 BnaaSTO A3:7348 
 
4331701d A9:4,342 4.81  
 
4333038d C3:6,043 4.10  
 
3100066d C3:22,230 4.00  JCVI_8306 BnccVHAF C3:22294 
 
3104675 C4:41,824 4.41  
4119215d C6:20,923 4.69 5.01 








 4112730d C6:27,547 4.75  
3103637d C7:28,961 4.14      





 3085873d A3: 16,910 4.41 4.23 JCVI_13754 BnaaCAX2 A3:16689  























 3134361 A6:1,687 5.03 4.40 
 
3158743 A7:25,397 7.29 5.32 JCVI_31830 BnaaAVP1 A7:25670 
 
3136296 A9:28,660 6.80 4.96 
 
3106166 A9:30,709 8.47  
 
3149873 A9:38,952 6.89 4.92 JCVI_6068 BnaaAVP1 A9:37748 
 
4107911d A10:10,240 4.05  DN961401 BnaaCAX7 A10:9862 
 
4333238 C2:5,404 7.01  
 
4334509d C3:31,079 4.17  DY021589 BnccAVAP2 C3:31201 
3092650 C4:2,854 4.20  
3130550d C6:1,814 4.84  
3078945 C7:16,230 4.01  JCVI_14000 BnccCCC1 C07:17510 
3095094 C7:21,257 6.86 4.97 JCVI_19939 BnccVHA-A3 C07:18242 
3096099d C9:62,387 4.19  
a






QTLs for salt tolerance index were identified on chromosome A1, A2, A3, A5, A6, 
A7, A9, C2, C3, C4 and C9 under the both models (Figure 20; Table 8). A total of 62 
salt responsive candidate genes were identified in the QTL regions for salt tolerance 
index based on the study in Chapter 2 (Table 11). 
Different association signals were detected for shoot biomass between the control 
and salt stress conditions, suggesting that different plant growth regulatory mechanisms 
take part in response to salt stress (Figure 21,22; Table 9). A well-defined peak detected 
on chromosome C2 for shoot fresh weight and dry weight under salt stress was solely 
detected by Q+K model (Figure 22B). 





between the control and stress conditions, suggesting that different molecular 
mechanisms regulate the uptake and transport of mineral elements (Table 10; Figure 
23,24). Two and six association signals for leaf K
+
 contents were revealed under the 
control and salt stress conditions, respectively (Table10; Figure 23). For leaf Ca
2+
 
content, seven association signals were found under control conditions while two were 
found under salt stress (Table10; Figure 24). Seven associations for leaf Na
+
 content 
were found in response to salt stress (Figure 25A). Besides, two and twelve association 








 in response to salt stress, 
respectively (Table 10; Figure 25B,C). 
3.7  Co-localization of association signals with the QTLs of previous studies for 
Ca
2+
 accumulation and biomass 
Dissecting the genetic factors underlying salt tolerance in plants is challenging due  
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Table 11. Number of salt responsive genes located within the QTLs associated with 
salt tolerance index 
Chromosome Position of QTLs (kb) No. of salt responsive genes in QTLs 
A1 11,186 7 
A2 3500 3 
A3 28352 7 
A5 21021 4 
A6 9610 7 
A7 447 0 
A9 37222 5 
C2 37143 7 
C3 64877 11 
C4 22897 2 





to the complexity of adaptive mechanism involving various pathways and a number of 
molecular components. Furthermore, epistatic relationship between genetic factors is 
considered to be prominent due to the amphidiploid nature of B. napus. To date, no 
QTLs related to salt tolerance in B. napus have been reported. However, QTLs related 
to Ca
2+
 accumulation have been revealed in a few studies, which allow a crosscheck on 
this association study. Association signals for leaf Ca
2+
 content found on chromosome 
A5, A6, C2, C6 and C9 co-localized with the QTLs for Ca
2+
 accumulation in shoot or 
seed detected in the previous QTL mapping of phosphate deficiency, shoot mineral 





accumulations under glass house and field conditions (Table 10) (Ding et al., 2010; Liu 
et al., 2009; Broadley et al., 2008), indicating that association signals detected in this 
study are valid. The association panel and the number of markers used in this study 
were adequate to detect major genetic factors for salt tolerance trait. In silico mapping 
of all markers to pseudomolecules (Harper et al., 2012) allowed us to identify candidate 
genes within 500 kb region from the association signals which have not been shortlisted 
in the previous QTL mapping studies. 
The region of an association signal on chromosome C3 for shoot fresh weight under 
control condition was overlapped with the QTL for shoot fresh weight identified by 
Basunanda et al., (2010). Association signals for shoot dry weight under stress condition 
detected on chromosome C2 and C7 also co-localized with QTLs for shoot dry weight 
detected under low phosphate condition (Yang et al., 2011), suggesting similar 





3.8 Sequence analyses of candidates for the genes controlling salt tolerance 
Ten candidates for the genes controlling salt tolerance were amplified by PCR from 
four tolerant lines and four sensitive lines. Sequence analysis showed many 
polymorphisms between the tolerant lines and the sensitive lines in BnaaTSN1 (Figure 
26,27) and BnaaDREB2B (Figure 28). Although polymorphisms were identified in 
BnaaUBC32, BnaaENH1 and BnaaSIP3, these polymorphisms were synonymous 
substitutions. No polymorphism was found in BnccDREB2A. Sequence variation 
analyses of BnaaHA1, BnccCBL10, BnccVAMP711 and BnccSTZ were unsuccessful due 
to sequence ambiguities probably attributed to the presence of other homologous 
regions. 
In the BnaaTSN1 gene, different polymorphisms in the coding region were found in 
three sensitive lines resulting in premature stop codons. In the ‘Higashiyamashu’ allele 
of BnaaTSN1, a SNP at position 74 was a nonsense mutation resulting in a premature 
stop codon eliminating the TUDOR domain (Figure 26A; Figure 27). Conversely, two 
different deletions observed in ‘Hokkaidoshu’ (between 207 and 222) and ‘Daichousen’ 
(at base 575) alleles result in frameshift and premature stop codons (Figure 26B,C). 
TSN1 encodes a RNA binding protein which functions to stabilize levels of 
stress-responsive mRNAs encoding secreted proteins (Frey et al., 2010). A double 
mutant tsn1 tsn2 has been reported to be hypersensitive to salt stress. A specific set of 
stress responsive genes have been found to be down-regulated in the double mutant tsn1 
tsn2 due to destabilization and increased degradation rate (Frey et al., 2010). Three 
independent mutations observed in three sensitive lines of B. napus caused premature 
stop codon and/or frameshift possibly resulting in loss-of-function truncated protein and  
Figure 26. Comparison of 
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Figure 28. Comparison of promoter sequences of 






















might lead to salt sensitivity in these lines (Figure 27). 
In the polymorphic sites of BnaaDREB2B, two indels found at -409 and -52 in the 
promoter region clearly differentiate the salt tolerant lines from the sensitive lines 
(Figure 28). However, searching these polymorphic sites against the database of Plant 
Cis-acting Regulatory DNA Elements (PLACE) showed that these polymorphisms do 
not affect the predicted cis-elements. DREB2 transcription factor genes have been found 
to be up-regulated by salt stress in Arabidopsis, rice, maize and soybean (Liu et al., 
1998; Dubouzet et al., 2003; Qin et al., 2007; Chen et al., 2007). Overexpression of 
DREB2 genes enhance salt tolerance and increase proline accumulation for 
osmoprotection in rice, soybean and tobacco (Matsukura et al., 2010; Zhang et al., 
2013; Li et al., 2014b). In the association study of drought tolerance in maize, three 
SNPs and two indels, upstream of the start codon of ZmDREB2.7 were found to be 
significantly associated with phenotypic variation in drought tolerance (Liu et al., 2013). 
Introduction of the allele of ZmDREB2.7 from the tolerant line to drought sensitive line 
has shown to effectively enhance drought tolerance (Liu et al., 2013). Besides, a 
synonymous SNP at the 558
th
 bp position (A/G transition) has also been identified in the 
SiDREB2 gene from dehydration-tolerant and sensitive cultivars of foxtail millet and 
allele-specific markers were developed for screening of drought tolerant lines (Lata et 
al., 2011). Therefore, the polymorphisms found in BnaaDREB2B could be useful to 
develop allele-specific markers for salt tolerance screening. 
3.9 Candidates for genes responsible for shoot biomass 
Three candidates for genes associated with shoot biomass under the control 
condition were identified from the association signals, i.e., BnccCESA2, BnccBRI1 and 
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BnaaSDP6 (Table 9). In Arabidopsis, knockout atcesa2 mutant has been reported to 
exhibit dwarf phenotype with small inflorescence stems with shorter internodes (Chu et 
al., 2007). Knockout of AtCESA2 has been shown to affect microtubule orientation and 
to cause abnormal cell expansion in Arabidopsis (Chu et al., 2007). Another candidate 
gene for shoot biomass in B. napus was homologous to Arabidopsis BRI1, encoding a 
plasma membrane-localized leucine-rich repeat receptor kinase involved in 
brassinosteroid signal transduction. Mutations in BRI1 homologs have been found to be 
responsible for the BR-insensitive dwarf phenotype and reduced biomass in various 
plant species including tomato, pea, and rice (Yamamuro et al., 2000; Bishop and Koncz, 
2002). BnaaSDP6 located on chromosome A1 homologous to Arabidopsis SDP6 
encoding a mitochondrial flavin adenine dinucleotide-dependent glycerol-3-phosphate 
dehydrogenase is another possible candidate for shoot biomass (Quettier et al., 2008). 
Mutation of SDP6 in Arabidopsis has been shown to result in impair in glycerol 
catabolism and arrested seedling growth phenotype (Quettier et al., 2008). 
Candidates for genes associated with shoot biomass under the stress condition 
include BnaaBIN2, BnccATMS1 and BnccSOS1 (Table 9). Arabidopsis BIN2 encodes a 
shaggy-like kinase protein involved in the cross-talk between auxin and brassinosteroid 
signaling pathways. Genetic analysis of the bin2(BR-INSENSITIVE 2) mutant has 
indicated that the BR-insensitive dwarf phenotype was due to a semidominant mutation 
in the BIN2 gene (Li et al., 2001). The expression of ATMS1 has been found to be 
up-regulated by salt stress and growth-regulating signals by GA3 treatment (Jiang et al., 
2007; Horvath et al., 2003). SOS1 is well-known for its functions in maintaining ion 
homeostasis and partitioning of Na
+
 between plant organs under salt stress. Plant growth 
in the tomato sos1 knockdown mutant has been reported to be greatly affected under salt 
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stress (Olias et al., 2009). BnccSOS1 shortlisted in this study might be important for Na
+
 
detoxification for tissue tolerance and plant growth under salt stress. 
3.10 Candidates for genes regulating ion homeostasis 
Three candidate genes are located near the association signals for leaf Na
+
 
accumulation on chromosome A3, C3 and C7, i.e., BnaaSTO, BnccVHAF and BnccVHA, 
respectively (Table 10; Figure 25A). Overexpression of STO gene in Arabidopsis has 




 ratio. A yeast 
can mutant lacking CaN cannot grow on a medium containing Na
+
 because it has lost 
the ability to control the influx and efflux of intracellular Na
+
. The STO gene 
complements the salt-sensitive phenotype of the yeast can mutant (Shuuichi and Takano, 
2003) suggesting that it is involved in regulation of Na
+





 ratio. Increase of transcript level, protein contents, and enzymatic activity of 
V-ATPase by salt stress has been reported in both salt-tolerant and salt-sensitive species, 
suggesting that increased V-ATPase activity may be required to drive Na
+
 sequestration 
under salt stress (Batelli et al., 2007). This notion is further supported by the finding 
that mutants with reduced V-ATPase activity were severely salt sensitive (Batelli et al., 
2007). Moreover, subunits VHA-B1 and VHA-B2 have been shown to directly interact 
with SOS2, indicating that Arabidopsis V-ATPase is a direct target of the SOS pathway 
responsible for both Na
+
 compartmentation and exclusion (Batelli et al., 2007). In 
Arabidopsis, rice and durum wheat, natural variants of HKT genes have been found to 
be responsible for Na
+
 accumulation. Interestingly, there was no HKT gene found within 
the association signals. Candidate gene association analysis of BnaaSTO, BnccVHAF 





acculamation in B. napus. 
Different association signals were detected for leaf K
+
 content between the control 
and salt stress conditions. Candidate genes possibly responsible for K
+
 accumulation 
under normal condition were BnaaKAB1 and BnaaCHX18 on chromosome A4. The 
KAB gene encodes potassium channel beta subunit 1 in Arabidopsis (Fang et al., 1998). 
The function of CHX18 in K
+
 homeostasis has not yet been characterized in Arabidopsis 
and other plant species. However, two Arabidopsis CHX homologues, CHX13 and 
CHX17, have been proven to regulate K
+
 uptake into root cells (Zhao et al., 2008; 
Cellier et al., 2004). A Shaker-like potassium channel gene, i.e., BnaaKC1, was mapped 
on the association signals for leaf K
+
 accumulation under salt stress on chromosome A3. 
KC1 functions as a negative regulator for K
+
 uptake in Arabidopsis under low K
+
 stress 
and a mutation of KC1 enhances tolerance to low K
+
 stress and increases K
+
 
accumulation (Wang et al., 2010b). So far, no natural variants of gene responsible for 
K
+
 accumulation have been reported in plant. Candidates for genes associated with K
+
 
homeostasis identified in this study could be utilized to find out whether genetic 
variants of these genes are responsible for K
+
 contents in B. napus. 




 ratio. I 
shortlisted a few candidate genes located on association signals on chromosome A3, A7, 
A9, A10, C3 and C7, including BnaaCAX, BnaaAVP1, BnccCCC1 and BnccVHA-A3. 
BnaaAVAP1 homologs are located on the association signals of A7 and A9. It is 
well-known that AVP1 increases the sequestration of Na
+
 in the vacuole by increasing 
the availability of protons in the vacuole (Gaxiola et al., 2001). It has also been reported 
that AVP1 overexpressing plants have higher pyrophosphate-driven Ca
2+
 uptake into 
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vacuolar membrane vesicles than into wild-type plants, suggesting that the increase in 
AVP1 results in greater accumulation of cations in the vacuole (Gaxiola et al., 2001). In 
addition, two homologs of cation exchanger genes, BnaaCAX2 and BnaaCAX7, were 
also identified on chromosome A3 and A10, respectively. Expression of Arabidopsis 
CAX2 has successfully suppressed a mutant phenotype of a yeast mutant that has a 
defect in vacuolar Ca
2+





 and salt tolerance index was found in B. napus, it is worth to 
study the natural variants of BnaaCAX, BnaaAVP1, BnccCCC1 and BnccVHA-A3 in the 
diverse B. napus accessions to investigate whether these variants are associated with salt 







Chapter 4 General discussion 
 
Comprehensive transcriptome of B. napus was first characterized in both the leaves 
and roots by the Illumina sequencing technology. De novo assembly of transcripts was 
also the first in this species. This transcriptome modulated by suddenly increased 
salinity or salt shock deepens our knowledge on a regulatory network involved in 
salinity adaptation in B. napus. The candidate salt responsive genes identified in B. 
napus included both the previously reported salt-responsive genes and some novel 
genes differentially regulated by salt stress, such as S1Fa-like transcription factor genes, 
some transporter genes and some unknown protein genes, which will be a new resource 
for molecular breeding in crops. The molecular functions of many newly identified salt 
responsive DEGs are still unknown. Transgenic assay and subcellular localization could 
be employed to elucidate their possible contribution in salt tolerance. 
Evaluation of diverse accessions demonstrated that there is no correlation between 
shoot Na
+
 accumulation and salt tolerance. However, salt tolerance in B. napus is 
negatively correlated with shoot biomass under normal growing condition, suggesting 
that growth rate plays role in adaption to abiotic stress. A total of 62 QTLs for salt 
tolerance-, biomass- and ion homeostasis-related traits were identified by genome-wide 
association mapping and candidate genes within these QTLs regions were shortlisted. 
Sequence variation analyses of candidates for the genes responsible for salt tolerance, 
i.e., BnaaTSN1 and BnaaDREB2B, revealed polymorphisms possibly resulting in 
functional change between tolerant and sensitive lines.  
In the polymorphic site of BnaaTSN1, three independent mutations were found in the 
salt sensitive lines, possibly resulting in truncated loss-of-function protein. In 
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Arabidopsis, two homologs of TSN genes have been reported and either one of the 
homologs can complement the salt sensitive phenotype of tsn1 tsn2 double mutant (Frey 
et al., 2010). There are four and three homologs of TSN in the genome of B. rapa and B. 
oleracea, respectively. Therefore, it is estimated that B. napus possesses seven 
homologs of TSN. In Arabidopsis, TSN genes function to stabilize stress-responsive 
mRNAs encoding secreted proteins. However, Tudor domain proteins regulate not only 
RNA metabolism but also histone modification and DNA damage response (Badeaux et 
al., 2012; Clough et al., 2007; Fitzgerald et al., 2009; Yang et al., 2010). Tudor domain 
proteins bind to particular methylated arginines and lysine and then recruit downstream 
effectors that, in turn, can promote chromatin activation and silencing. Human TDRD3 
is an example of Tudor domain protein involved in transcriptional activation (Yang et 
al., 2010). This is an important property in regulating gene expression and molecular 
pathways essential to mitigate salt stress. Tudor domain protein, such as human 53BP1, 
also functions as a mediator acting downstream of the DNA damage sensors and as 
adaptor in DNA damage response to promote effector recruitment to the site of DNA 
damage, in turn, triggering cell cycle arrest, DNA repair, transcriptional changes and 
apoptosis (Fitzgerald et al., 2009). Salt stress-induced apoptosis and DNA degradation 
have been reported in plant species (Katsuhara and Kawasaki, 1996). There is a 
possibility that BnaaTSN1 identified in this study is involved in DNA damage response 
caused by salt stress, in which other TSN homologs in B. napus do not possess such 
function. Genetic transformation of sensitive lines by an allele of BnaaTSN1 from 
tolerant lines and subcellular localization analysis are necessary to uncover its 
contribution to salt tolerance. 
In the polymorphic sites of BnaaDREB2B, two indels were found in the promoter 
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region differentiating the salt tolerant lines from the sensitive lines. Although searching 
against the Plant cis-acting regulatory DNA elements (PLACE) database suggested that 
these polymorphisms do not affect the predicted cis-elements, there is a possibility that 
these polymorphic sites are novel cis-regulatory elements. Comparison of gene 
expression levels of BnaaDREB2B between salt tolerant lines and sensitive lines is on 
the way. Transient expression assays using the promoter having the two indels are 
required to determine whether these polymorphisms contribute to difference in 
expression activity. Furthermore, there is also a possibility that these loci co-segregate 
with other candidate genes responsible for variation in salt tolerance in B. napus. 
A total of 13 salt tolerant lines having salt tolerance index more than 0.9 was 
discovered in this study. These lines could be served as parental lines in conventional 
breeding programs to develop salt tolerant commercial materials which could be planted 
in both normal and saline soils. Two candidate gene variants were found on 
chromosome A1 and A5. These genetic variations could be used to develop genetic 
markers to screen the available commercial lines for salt tolerant trait. However, salt 
tolerance was screened at seedling stage in this study. Additional salt tolerance 
evaluations at germination stage and reproductive stage are necessary to discover elite 
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Appendix Table 1. Primer pairs for qRT-PCR analysis
all-unigene ID Annotation description Sense primer sequence Anti-sense primer sequence
AF111812
a Actin GTGATGAAGCTCAGTCCAAGAGAGG TCGTTGTAGAAAGTGTGATGCCAGA
AY293830
a BnBDC1 TACCAAACACTCCCATACCAAACTC GTTCACGCCTCCTTTCCCTAC
AY572958
a BnLEA4 ATGAGGCTGAGATGCAGAAGAGAG AGTAGCGGTTCCCATTCCCAAA
AY642433
a BnMPK3 GCTAGACCCACTTCAGAGAACGA GCTCCATAAAGATACAACCAACAGACC
JF957836
a BnNAC2 ACCATGCCCTGTCTCGATCATA GTTTGGATACTTCCGGTCTCTTGG
all-unigene009108 Nitrate transporter 1.7 GCTCTCGCCGCAGCTTATTC TGAACCGTCGTCACAATCAAACTAC
all-unigene012939
Bile acid:sodium symporter family
protein
AATGGAAACATTAAAGCAAGCCAAC GTGAAAGAAGGTGGATGGAGAAGA
all-unigene019693 LSU2 (Response to low sulfur 2) TGGAGGAAATGAGGAGAGAGATGTT AGGAAGAGGATGCGAGATTGGT









all-unigene025196 Phosphate transporter 1.4 TGTTGCCTTCTGTGGAACCCT  GAGCAAAGGACCATGACCATCAAC
all-unigene026975 Cinnamate-4-hydroxylase CCAGAGCAAGCTAAGGAACGAAA TGAGGCACGAGGAGAGGAAC
all-unigene027620 Unknown protein AGTTACATTTCCTTCATCGTGTTGCT TGGCCTGACTTATTGGATACCCTT
all-unigene028291 Unknown protein ATAGGAAGAGGAGATGACAGGATTG AAAGATTGGAGGAAGGAGGTTGATG
all-unigene037488 Soybean gene regulated by COLD-2 AAGCAGAAGACAAAGGTGGACAAAG CTGGATGACAAGTGTGAGATGGTTC
all-unigene037879 Germin-like protein 1 CAAATGCTATAAACGGTATGACCAACAC GATACTTGGGACTCATTGGCACTTT





all-unigene042412 RS5 (Raffinose synthase 5) CTCCTGACATGGCGAATGAGTTT TATTTCTCGCACAACATCTCCAGT
all-unigene046879 KEA4 (K
+
 efflux affinity 4) TCATTACTGGGTATCTATTGGCGGG TTTCAACCTGCACCATTTCGCT
all-unigene047929 Cadmium-transporting ATPase TTGATGGAGTTGTTGTGGATGGAAA ACAGTTGAATCTCTCAGTTTAGGCAC
all-unigene056933
PQ-loop repeat family protein /
transmembrane family protein 
TCAGTTCTACACAGCCTTGCTTTAC GGTCTCTTCTCTTCATCTTCTTCATCC
all-unigene060898 Expansin A 10 GTAAATGGTGTCTCCCTGGCTCAA ATTGTTGTTAGGTAAGGCGTTGTTTGG
all-unigene079197 HKT1 (High-affinity K
+ GATAAGATCACGAAGCGCGAGG CAAGAAGAACACAAAGACGAAGGGA
all-unigene105533 12-oxophytodienoate reductase AATCAGGAGACACAAACCCACAAG GAGGACACTCTGTTACTTCACCCA
all-unigene107526 RNS1 (Ribonuclease 1) GGAACACGAATGGGAGAAGCAC AAGGCCAAGAGAGGTTTGGAAATAC
all-unigene108137 AOC2 (Allen oxide cyclase 2) ACATTCGTAGAACTCAACTCACTCAC TTGTCGTAGAGATGGATTGGAGAGA
all-unigene108630 AOX3 (Alternative oxidase 3) TACGAACGGGCGATTGTGTTTG GTGATACGATGAGCAAGTTTGGGAG
all-unigene113339 MATE efflux protein-related CGCAAATGAAGCAATCTCAATAGCAAG CGAAAGAGCGAAAGTAAAGGAGGAG
all-unigene113449 CYP72A15 GTCTCCTTCTTTCCCTTTGCTTGG GCCATTGCCATCTTTGCCTCT
all-unigene126147 VQ motif-containing protein TGAAACTAAGCCACTACTCAAGGT AAACGAGATGATGAAGGAGACAGA
all-unigene127840 Unknow protein TCAAACTCCACCACCGATACTCC TTCTCTTTCCCGTTCCCTTTCGT
all-unigene131848 Polyketide cyclase/dehydrase GACCGAGGAAATGGAGGTGAGAA TAGAAGAACCGCAGGAGGAACAAA
all-unigene133442
Ureide permease 5 (Allantoin
uptake transmembrane transporter)
TTACCTAAATGACTGGAACGGGAGA TGAACTGAAGACCATTACCAAACCC
all-unigene134663 O-methyltransferase CTTTGTTGGACCGTATGCTTCGT CAGCTTTGTAAACCCTCTCACCATC
all-unigene135195 Iron regulated transporter  3 ACTCATTGGGAGAAACCGCC GTTGTTCAAAGCCTCAGTGCC
all-unigene137387 Sugar transporter AAGAACCGAAACGACATCAACGAG AACCAAAGCAGAAAGAGCCACAAA
all-unigene147714 NHL-25 (NDR1/HIN1-like 25 ) CAGTTTAATGGCGACACTGCAAGA TCAACGGATACACCACACCTCAC
all-unigene150900 NAD(P)-linked oxidoreductase ATTCCTTGACACCTCCGACTTCTAC ACTTTCTCCCTCAAACCATCTTCCA





all-unigene155229 alpha/beta-Hydrolase ATCCGTATTGTAAACCGGCGAAG ATCTCTCTATCCATCAGCACATCCA

















BnLc, 1 hour 25,589,476 4,606,105,680 4,488,074,720 97.44% 0.00% 48.65%
BnLs, 1 hour 26,144,384 4,705,989,120 4,594,002,146 97.62% 0.00% 48.42%
BnLc, 12 hour 26,895,193 4,841,134,740 4,728,040,627 97.66% 0.00% 48.77%
BnLs, 12 hour 26,405,561 4,753,000,980 4,642,421,406 97.67% 0.00% 48.73%
BnRc, 1 hour 27,039,480 4,867,106,400 4,755,511,556 97.71% 0.00% 48.30%
BnRs, 1 hour 26,225,610 4,720,609,800 4,614,116,178 97.74% 0.00% 48.42%
BnRc, 12 hour 26,615,049 4,790,708,820 4,618,923,792 96.41% 0.00% 48.12%
BnRs, 12 hour 26,973,497 4,855,229,460 4,733,617,420 97.50% 0.00% 46.36%
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Appendix Table 3. Statistics for the unigene of B. napus assembled by SOAPdenovo 
          
Length of 
unigenes (bp) 
Number of unigenes 
BnLc, 1 h BnLs, 1 h BnLc, 12 h BnLs, 12 h BnRc, 1 h BnRs, 1 h BnRc, 12 h BnRs, 12 h all-unigene 
200–500  69,079 66,642 72,001 71,442 86,310 85,217 83,377 78,703 129,719 
500–1000  18,156 19,012 20,159 20,114 22,003 22,354 22,486 20,654 46,400 
1000–1500  2,768 3,304 3,508 3,596 3,367 3,531 3,550 3,364 11,323 
1500–2000  578 750 743 820 633 725 777 649 2,761 
>2000  192 254 285 303 209 257 299 232 1,034 
Total unigenes 90,773 89,962 96,696 96,275 112,522 112,084 110,489 103,602 191,237 
Mean length (bp)  419 436 432 436 414 419 424 421 506 
N50 (bp)  454 481 476 482 449 457 457 458 592 





Appendix Table 4. Comparison of transcription factor families between B. napus , Arabidopsis  and B. rapa
No. of gene % No. of gene % No. of gene %
NAC 935 12.21 135 6.68 44 6.09
WRKY 854 11.15 89 4.40 40 5.53
bZIP 573 7.48 101 5.00 39 5.39
bHLH 527 6.88 194 9.59 53 7.33
MYB_related 409 5.34 85 4.20 48 6.64
S1Fa-like 377 4.92 4 0.20 3 0.41
MYB 360 4.70 159 7.86 26 3.60
C2H2 348 4.54 104 5.14 32 4.43
GRAS 310 4.05 36 1.78 18 2.49
G2-like 246 3.21 55 2.72 20 2.77
NF-YA 245 3.20 15 0.74 10 1.38
C3H 240 3.13 56 2.77 23 3.18
Nin-like 194 2.53 14 0.69 3 0.41
ERF 192 2.51 132 6.53 79 10.93
ZF-HD 181 2.36 17 0.84 9 1.24
B3 143 1.87 71 3.51 22 3.04
HD-ZIP 139 1.81 56 2.77 16 2.21
Trihelix 139 1.81 33 1.63 18 2.49
M-type 119 1.55 73 3.61 2 0.28
FAR1 93 1.21 20 0.99 3 0.41
LBD 77 1.01 43 2.13 12 1.66
ARF 73 0.95 32 1.58 3 0.41
Dof 69 0.90 43 2.13 11 1.52
HB-other 64 0.84 8 0.40 6 0.83
GATA 54 0.71 31 1.53 17 2.35
AP2 51 0.67 25 1.24 10 1.38
SBP 51 0.67 18 0.89 4 0.55
NF-X1 50 0.65 2 0.10 0.00
HSF 47 0.61 25 1.24 12 1.66
TALE 47 0.61 23 1.14 5 0.69
MIKC 41 0.54 66 3.26 26 3.60
CAMTA 36 0.47 7 0.35 0.00
GRF 34 0.44 9 0.45 1 0.14
TCP 31 0.40 28 1.38 16 2.21
CPP 29 0.38 10 0.49 0.00
ARR-B 26 0.34 16 0.79 3 0.41
GeBP 26 0.34 23 1.14 9 1.24
NF-YC 24 0.31 15 0.74 7 0.97
EIL 22 0.29 6 0.30 3 0.41
BES1 21 0.27 8 0.40 7 0.97
SRS 21 0.27 12 0.59 6 0.83
CO-like 20 0.26 19 0.94 6 0.83
WOX 19 0.25 17 0.84 3 0.41
DBB 13 0.17 12 0.59 12 1.66
NF-YB 13 0.17 19 0.94 12 1.66
E2F/DP 12 0.16 12 0.59 3 0.41
BBR/BPC 11 0.14 11 0.54 7 0.97
HB-PHD 11 0.14 2 0.10 0.00
Whirly 8 0.10 4 0.20 2 0.28
RAV 7 0.09 6 0.30 4 0.55
SAP 7 0.09 1 0.05 0.00
LSD 5 0.07 6 0.30 2 0.28
STAT 4 0.05 2 0.10 0.00
HRT-like 3 0.04 2 0.10 0.00
NZZ/SPL 3 0.04 1 0.05 0.00
YABBY 3 0.04 7 0.35 5 0.69
VOZ 2 0.03 2 0.10 1 0.14
Total 7659 100.00 2022 100.00 723 100.00
 Transcription factor family
Brassica napus Arabidopsis thaliana Brassica rapa
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Appendix Table 5. Over-represented GO terms in up-regulated DEGs in the leaves at 1 h
Categoty GO-ID Description DEG Frequency Genome frequency p-value Corrected p-value
Biological Process 10200 response to chitin 213 out of 1436 genes, 14.83% 1511 out of 44951 genes, 3.36% 1.13E-76 2.30E-73
Biological Process 9737 response to abscisic acid stimulus 237 out of 1436 genes, 16.50% 2082 out of 44951 genes, 4.63% 4.49E-67 4.55E-64
Biological Process 10033 response to organic substance 540 out of 1436 genes, 37.60% 8489 out of 44951 genes, 18.89% 5.59E-64 3.78E-61
Biological Process 42538 hyperosmotic salinity response 115 out of 1436 genes, 8.01% 525 out of 44951 genes, 1.17% 1.66E-61 8.41E-59
Biological Process 9753 response to jasmonic acid stimulus 204 out of 1436 genes, 14.21% 1701 out of 44951 genes, 3.78% 3.88E-61 1.58E-58
Biological Process 42221 response to chemical stimulus 668 out of 1436 genes, 46.52% 11984 out of 44951 genes, 26.66% 1.97E-60 5.72E-58
Biological Process 9620 response to fungus 206 out of 1436 genes, 14.35% 1764 out of 44951 genes, 3.92% 8.39E-60 2.13E-57
Biological Process 9414 response to water deprivation 181 out of 1436 genes, 12.60% 1391 out of 44951 genes, 3.09% 2.07E-59 4.20E-57
Biological Process 31407 oxylipin metabolic process 104 out of 1436 genes, 7.24% 461 out of 44951 genes, 1.03% 5.56E-57 9.40E-55
Biological Process 9611 response to wounding 163 out of 1436 genes, 11.35% 1215 out of 44951 genes, 2.70% 3.11E-55 4.86E-53
Biological Process 9719 response to endogenous stimulus 378 out of 1436 genes, 26.32% 5247 out of 44951 genes, 11.67% 1.77E-54 2.57E-52
Biological Process 9694 jasmonic acid metabolic process 100 out of 1436 genes, 6.96% 451 out of 44951 genes, 1.00% 4.61E-54 6.24E-52
Biological Process 31408 oxylipin biosynthetic process 94 out of 1436 genes, 6.55% 397 out of 44951 genes, 0.88% 1.52E-53 1.93E-51
Biological Process 9695 jasmonic acid biosynthetic process 93 out of 1436 genes, 6.48% 390 out of 44951 genes, 0.87% 2.84E-53 3.39E-51
Biological Process 6950 response to stress 621 out of 1436 genes, 43.25% 11590 out of 44951 genes, 25.78% 2.60E-48 2.64E-46
Biological Process 50896 response to stimulus 856 out of 1436 genes, 59.61% 18372 out of 44951 genes, 40.87% 6.46E-48 5.96E-46
Biological Process 9867 jasmonic acid mediated signaling pathway 129 out of 1436 genes, 8.98% 1022 out of 44951 genes, 2.27% 8.70E-41 7.36E-39
Biological Process 9607 response to biotic stimulus 350 out of 1436 genes, 24.37% 5376 out of 44951 genes, 11.96% 3.72E-40 2.91E-38
Biological Process 6970 response to osmotic stress 212 out of 1436 genes, 14.76% 2501 out of 44951 genes, 5.56% 4.03E-39 2.82E-37
Biological Process 9751 response to salicylic acid stimulus 166 out of 1436 genes, 11.56% 1684 out of 44951 genes, 3.75% 2.29E-38 1.50E-36
Biological Process 9723 response to ethylene stimulus 139 out of 1436 genes, 9.68% 1264 out of 44951 genes, 2.81% 3.40E-37 2.16E-35
Biological Process 50832 defense response to fungus 142 out of 1436 genes, 9.89% 1316 out of 44951 genes, 2.93% 4.45E-37 2.74E-35
Biological Process 6952 defense response 297 out of 1436 genes, 20.68% 4536 out of 44951 genes, 10.09% 6.42E-34 3.52E-32
Biological Process 51704 multi-organism process 333 out of 1436 genes, 23.19% 5408 out of 44951 genes, 12.03% 3.24E-33 1.73E-31
Biological Process 6631 fatty acid metabolic process 164 out of 1436 genes, 11.42% 1833 out of 44951 genes, 4.08% 7.85E-33 4.08E-31
Biological Process 46394 carboxylic acid biosynthetic process 245 out of 1436 genes, 17.06% 3573 out of 44951 genes, 7.95% 1.41E-30 6.38E-29
Biological Process 50776 regulation of immune response 139 out of 1436 genes, 9.68% 1477 out of 44951 genes, 3.29% 4.74E-30 2.05E-28
Biological Process 32787 monocarboxylic acid metabolic process 285 out of 1436 genes, 19.85% 4564 out of 44951 genes, 10.15% 5.29E-29 2.19E-27
Biological Process 10363
regulation of plant-type hypersensitive
response
124 out of 1436 genes, 8.64% 1257 out of 44951 genes, 2.80% 9.89E-29 4.02E-27
Biological Process 35556 intracellular signal transduction 156 out of 1436 genes, 10.86% 1847 out of 44951 genes, 4.11% 1.75E-28 6.83E-27
Biological Process 9863 salicylic acid mediated signaling pathway 118 out of 1436 genes, 8.22% 1166 out of 44951 genes, 2.59% 2.35E-28 9.02E-27
Biological Process 43069 negative regulation of programmed cell 95 out of 1436 genes, 6.62% 813 out of 44951 genes, 1.81% 1.31E-27 4.74E-26
Biological Process 2376 immune system process 199 out of 1436 genes, 13.86% 2845 out of 44951 genes, 6.33% 1.02E-25 3.44E-24
Biological Process 48583 regulation of response to stimulus 175 out of 1436 genes, 12.19% 2401 out of 44951 genes, 5.34% 1.53E-24 5.02E-23
Biological Process 45730 respiratory burst 65 out of 1436 genes, 4.53% 448 out of 44951 genes, 1.00% 2.35E-24 7.44E-23
Biological Process 2679 respiratory burst involved in defense 65 out of 1436 genes, 4.53% 448 out of 44951 genes, 1.00% 2.35E-24 7.44E-23
Biological Process 6612 protein targeting to membrane 121 out of 1436 genes, 8.43% 1375 out of 44951 genes, 3.06% 1.06E-23 3.32E-22
Biological Process 34976 response to endoplasmic reticulum stress 106 out of 1436 genes, 7.38% 1121 out of 44951 genes, 2.49% 3.12E-23 9.45E-22
Biological Process 6984 ER-nucleus signaling pathway 78 out of 1436 genes, 5.43% 668 out of 44951 genes, 1.49% 7.65E-23 2.28E-21
Biological Process 23052 signaling 336 out of 1436 genes, 23.40% 6340 out of 44951 genes, 14.10% 6.75E-22 1.96E-20
Biological Process 9628 response to abiotic stimulus 386 out of 1436 genes, 26.88% 7664 out of 44951 genes, 17.05% 1.67E-21 4.71E-20
Biological Process 9814 defense response, incompatible 131 out of 1436 genes, 9.12% 1670 out of 44951 genes, 3.72% 3.71E-21 1.00E-19
Biological Process 6082 organic acid metabolic process 419 out of 1436 genes, 29.18% 8578 out of 44951 genes, 19.08% 4.30E-21 1.15E-19
Biological Process 71445 cellular response to protein stimulus 74 out of 1436 genes, 5.15% 662 out of 44951 genes, 1.47% 1.27E-20 3.19E-19
Biological Process 7243 intracellular protein kinase cascade 86 out of 1436 genes, 5.99% 862 out of 44951 genes, 1.92% 1.61E-20 3.98E-19
Biological Process 42180 cellular ketone metabolic process 421 out of 1436 genes, 29.32% 8706 out of 44951 genes, 19.37% 2.15E-20 5.27E-19
Biological Process 6986 response to unfolded protein 74 out of 1436 genes, 5.15% 685 out of 44951 genes, 1.52% 9.12E-20 2.13E-18
Biological Process 9627 systemic acquired resistance 112 out of 1436 genes, 7.80% 1382 out of 44951 genes, 3.07% 2.96E-19 6.75E-18
Biological Process 6629 lipid metabolic process 265 out of 1436 genes, 18.45% 4806 out of 44951 genes, 10.69% 3.36E-19 7.58E-18
Biological Process 43450 alkene biosynthetic process 56 out of 1436 genes, 3.90% 433 out of 44951 genes, 0.96% 8.62E-19 1.92E-17
Biological Process 9409 response to cold 133 out of 1436 genes, 9.26% 1947 out of 44951 genes, 4.33% 1.75E-16 3.59E-15
Biological Process 23060 signal transmission 196 out of 1436 genes, 13.65% 3377 out of 44951 genes, 7.51% 2.39E-16 4.80E-15
Biological Process 9873 ethylene mediated signaling pathway 47 out of 1436 genes, 3.27% 376 out of 44951 genes, 0.84% 2.02E-15 3.91E-14
Biological Process 44281 small molecule metabolic process 578 out of 1436 genes, 40.25% 14087 out of 44951 genes, 31.34% 2.59E-13 4.86E-12
Biological Process 80086 stamen filament development 11 out of 1436 genes, 0.77% 20 out of 44951 genes, 0.04% 4.39E-12 8.10E-11
Biological Process 51789 response to protein stimulus 86 out of 1436 genes, 5.99% 1247 out of 44951 genes, 2.77% 2.96E-11 5.31E-10
Biological Process 19438 aromatic compound biosynthetic process 117 out of 1436 genes, 8.15% 1930 out of 44951 genes, 4.29% 3.18E-11 5.66E-10
Biological Process 52542 defense response by callose deposition 28 out of 1436 genes, 1.95% 197 out of 44951 genes, 0.44% 4.43E-11 7.76E-10
Biological Process 9696 salicylic acid metabolic process 60 out of 1436 genes, 4.18% 751 out of 44951 genes, 1.67% 1.21E-10 2.10E-09
Biological Process 33036 macromolecule localization 204 out of 1436 genes, 14.21% 4150 out of 44951 genes, 9.23% 3.53E-10 5.93E-09
Biological Process 70727 cellular macromolecule localization 163 out of 1436 genes, 11.35% 3115 out of 44951 genes, 6.93% 3.54E-10 5.93E-09
Biological Process 9697 salicylic acid biosynthetic process 57 out of 1436 genes, 3.97% 725 out of 44951 genes, 1.61% 6.40E-10 1.06E-08
Biological Process 6725
cellular aromatic compound metabolic
process
172 out of 1436 genes, 11.98% 3367 out of 44951 genes, 7.49% 6.62E-10 1.09E-08
Biological Process 52545 callose localization 35 out of 1436 genes, 2.44% 335 out of 44951 genes, 0.75% 1.08E-09 1.74E-08
Biological Process 33037 polysaccharide localization 35 out of 1436 genes, 2.44% 337 out of 44951 genes, 0.75% 1.27E-09 2.03E-08
Biological Process 10310
regulation of hydrogen peroxide
metabolic process
53 out of 1436 genes, 3.69% 665 out of 44951 genes, 1.48% 1.59E-09 2.50E-08
Biological Process 80010
regulation of oxygen and reactive oxygen
species metabolic process
53 out of 1436 genes, 3.69% 667 out of 44951 genes, 1.48% 1.76E-09 2.75E-08
Biological Process 6555 methionine metabolic process 50 out of 1436 genes, 3.48% 618 out of 44951 genes, 1.37% 2.79E-09 4.29E-08
Biological Process 19748 secondary metabolic process 145 out of 1436 genes, 10.10% 2778 out of 44951 genes, 6.18% 4.34E-09 6.62E-08
Biological Process 9646 response to absence of light 17 out of 1436 genes, 1.18% 92 out of 44951 genes, 0.20% 5.02E-09 7.61E-08
Biological Process 10286 heat acclimation 30 out of 1436 genes, 2.09% 274 out of 44951 genes, 0.61% 5.56E-09 8.36E-08
Biological Process 9555 pollen development 65 out of 1436 genes, 4.53% 944 out of 44951 genes, 2.10% 8.39E-09 1.24E-07
Biological Process 9642 response to light intensity 48 out of 1436 genes, 3.34% 647 out of 44951 genes, 1.44% 8.35E-08 1.22E-06
Biological Process 48519 negative regulation of biological process 198 out of 1436 genes, 13.79% 4337 out of 44951 genes, 9.65% 1.82E-07 2.60E-06
Biological Process 35264 multicellular organism growth 5 out of 1436 genes, 0.35% 7 out of 44951 genes, 0.02% 6.58E-07 9.08E-06
Biological Process 9595 detection of biotic stimulus 37 out of 1436 genes, 2.58% 475 out of 44951 genes, 1.06% 7.78E-07 1.07E-05
Biological Process 16311 dephosphorylation 48 out of 1436 genes, 3.34% 701 out of 44951 genes, 1.56% 8.56E-07 1.17E-05
Biological Process 61025 membrane fusion 59 out of 1436 genes, 4.11% 944 out of 44951 genes, 2.10% 1.02E-06 1.37E-05
Biological Process 9900 dehiscence 9 out of 1436 genes, 0.63% 36 out of 44951 genes, 0.08% 1.46E-06 1.95E-05
Biological Process 9066
aspartate family amino acid metabolic
process
58 out of 1436 genes, 4.04% 953 out of 44951 genes, 2.12% 2.86E-06 3.77E-05
Biological Process 51641 cellular localization 201 out of 1436 genes, 14.00% 4662 out of 44951 genes, 10.37% 6.77E-06 8.81E-05
Biological Process 43900 regulation of multi-organism process 35 out of 1436 genes, 2.44% 487 out of 44951 genes, 1.08% 9.01E-06 1.16E-04
Biological Process 48229 gametophyte development 75 out of 1436 genes, 5.22% 1405 out of 44951 genes, 3.13% 1.26E-05 1.61E-04
Biological Process 9698 phenylpropanoid metabolic process 53 out of 1436 genes, 3.69% 890 out of 44951 genes, 1.98% 1.38E-05 1.75E-04
Biological Process 80024 indolebutyric acid metabolic process 5 out of 1436 genes, 0.35% 13 out of 44951 genes, 0.03% 3.43E-05 4.22E-04
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Categoty GO-ID Description DEG Frequency Genome frequency p-value Corrected p-value
Biological Process 9687 abscisic acid metabolic process 14 out of 1436 genes, 0.97% 122 out of 44951 genes, 0.27% 3.73E-05 4.56E-04
Biological Process 43288 apocarotenoid metabolic process 14 out of 1436 genes, 0.97% 123 out of 44951 genes, 0.27% 4.08E-05 4.96E-04
Biological Process 51761 sesquiterpene metabolic process 14 out of 1436 genes, 0.97% 125 out of 44951 genes, 0.28% 4.88E-05 5.87E-04
Biological Process 6714 sesquiterpenoid metabolic process 14 out of 1436 genes, 0.97% 125 out of 44951 genes, 0.28% 4.88E-05 5.87E-04
Biological Process 6810 transport 365 out of 1436 genes, 25.42% 9516 out of 44951 genes, 21.17% 4.95E-05 5.91E-04
Biological Process 34440 lipid oxidation 35 out of 1436 genes, 2.44% 539 out of 44951 genes, 1.20% 7.26E-05 8.62E-04
Biological Process 51606 detection of stimulus 39 out of 1436 genes, 2.72% 627 out of 44951 genes, 1.39% 7.30E-05 8.62E-04
Biological Process 50794 regulation of cellular process 505 out of 1436 genes, 35.17% 13730 out of 44951 genes, 30.54% 7.46E-05 8.76E-04
Biological Process 51179 localization 388 out of 1436 genes, 27.02% 10278 out of 44951 genes, 22.86% 1.03E-04 1.19E-03
Biological Process 9308 amine metabolic process 230 out of 1436 genes, 16.02% 5701 out of 44951 genes, 12.68% 1.06E-04 1.22E-03
Biological Process 6862 nucleotide transport 16 out of 1436 genes, 1.11% 170 out of 44951 genes, 0.38% 1.21E-04 1.39E-03
Biological Process 6979 response to oxidative stress 73 out of 1436 genes, 5.08% 1472 out of 44951 genes, 3.27% 1.63E-04 1.82E-03
Biological Process 46395 carboxylic acid catabolic process 61 out of 1436 genes, 4.25% 1178 out of 44951 genes, 2.62% 1.81E-04 1.99E-03
Biological Process 51245
negative regulation of cellular defense
response
4 out of 1436 genes, 0.28% 10 out of 44951 genes, 0.02% 1.87E-04 2.03E-03
Biological Process 50691
regulation of defense response to virus by
host
4 out of 1436 genes, 0.28% 10 out of 44951 genes, 0.02% 1.87E-04 2.03E-03
Biological Process 10117 photoprotection 5 out of 1436 genes, 0.35% 18 out of 44951 genes, 0.04% 2.00E-04 2.16E-03
Biological Process 42214 terpene metabolic process 18 out of 1436 genes, 1.25% 217 out of 44951 genes, 0.48% 2.34E-04 2.51E-03
Biological Process 9072 aromatic amino acid family metabolic 47 out of 1436 genes, 3.27% 852 out of 44951 genes, 1.90% 2.44E-04 2.61E-03
Biological Process 30258 lipid modification 37 out of 1436 genes, 2.58% 630 out of 44951 genes, 1.40% 3.37E-04 3.55E-03
Biological Process 9682 induced systemic resistance 12 out of 1436 genes, 0.84% 118 out of 44951 genes, 0.26% 4.09E-04 4.28E-03
Biological Process 35383 thioester metabolic process 6 out of 1436 genes, 0.42% 32 out of 44951 genes, 0.07% 4.67E-04 4.81E-03
Biological Process 6637 acyl-CoA metabolic process 6 out of 1436 genes, 0.42% 32 out of 44951 genes, 0.07% 4.67E-04 4.81E-03
Biological Process 31328
positive regulation of cellular biosynthetic
process
94 out of 1436 genes, 6.55% 2082 out of 44951 genes, 4.63% 5.25E-04 5.35E-03
Biological Process 10371 regulation of gibberellin biosynthetic 4 out of 1436 genes, 0.28% 13 out of 44951 genes, 0.03% 5.88E-04 5.94E-03
Biological Process 15696 ammonium transport 11 out of 1436 genes, 0.77% 107 out of 44951 genes, 0.24% 6.41E-04 6.44E-03
Biological Process 44249 cellular biosynthetic process 466 out of 1436 genes, 32.45% 12861 out of 44951 genes, 28.61% 6.68E-04 6.63E-03
Biological Process 15849 organic acid transport 46 out of 1436 genes, 3.20% 875 out of 44951 genes, 1.95% 7.83E-04 7.68E-03
Biological Process 46482 para-aminobenzoic acid metabolic 11 out of 1436 genes, 0.77% 110 out of 44951 genes, 0.24% 8.09E-04 7.85E-03
Biological Process 15695 organic cation transport 11 out of 1436 genes, 0.77% 111 out of 44951 genes, 0.25% 8.72E-04 8.39E-03
Biological Process 15866 ADP transport 4 out of 1436 genes, 0.28% 15 out of 44951 genes, 0.03% 1.07E-03 1.02E-02
Biological Process 46942 carboxylic acid transport 45 out of 1436 genes, 3.13% 864 out of 44951 genes, 1.92% 1.07E-03 1.02E-02
Biological Process 9058 biosynthetic process 491 out of 1436 genes, 34.19% 13702 out of 44951 genes, 30.48% 1.15E-03 1.10E-02
Biological Process 46483 heterocycle metabolic process 143 out of 1436 genes, 9.96% 3488 out of 44951 genes, 7.76% 1.29E-03 1.22E-02
Biological Process 43455 regulation of secondary metabolic process 32 out of 1436 genes, 2.23% 561 out of 44951 genes, 1.25% 1.31E-03 1.23E-02
Biological Process 9939
positive regulation of gibberellic acid
mediated signaling pathway
4 out of 1436 genes, 0.28% 16 out of 44951 genes, 0.04% 1.39E-03 1.29E-02
Biological Process 30639 polyketide biosynthetic process 13 out of 1436 genes, 0.91% 155 out of 44951 genes, 0.34% 1.48E-03 1.36E-02
Biological Process 30636 acetate derivative biosynthetic process 13 out of 1436 genes, 0.91% 155 out of 44951 genes, 0.34% 1.48E-03 1.36E-02
Biological Process 19413 acetate biosynthetic process 13 out of 1436 genes, 0.91% 155 out of 44951 genes, 0.34% 1.48E-03 1.36E-02
Biological Process 30635 acetate derivative metabolic process 13 out of 1436 genes, 0.91% 156 out of 44951 genes, 0.35% 1.57E-03 1.42E-02
Biological Process 30638 polyketide metabolic process 13 out of 1436 genes, 0.91% 156 out of 44951 genes, 0.35% 1.57E-03 1.42E-02
Biological Process 42181 ketone biosynthetic process 13 out of 1436 genes, 0.91% 156 out of 44951 genes, 0.35% 1.57E-03 1.42E-02
Biological Process 19760 glucosinolate metabolic process 32 out of 1436 genes, 2.23% 571 out of 44951 genes, 1.27% 1.74E-03 1.53E-02
Biological Process 16143 S-glycoside metabolic process 32 out of 1436 genes, 2.23% 571 out of 44951 genes, 1.27% 1.74E-03 1.53E-02
Biological Process 15837 amine transport 40 out of 1436 genes, 2.79% 779 out of 44951 genes, 1.73% 2.51E-03 2.13E-02
Biological Process 6083 acetate metabolic process 13 out of 1436 genes, 0.91% 166 out of 44951 genes, 0.37% 2.72E-03 2.28E-02
Biological Process 51865 protein autoubiquitination 9 out of 1436 genes, 0.63% 92 out of 44951 genes, 0.20% 2.73E-03 2.28E-02




5 out of 1436 genes, 0.35% 32 out of 44951 genes, 0.07% 3.24E-03 2.66E-02
Biological Process 10583 response to cyclopentenone 20 out of 1436 genes, 1.39% 319 out of 44951 genes, 0.71% 3.51E-03 2.86E-02
Biological Process 10646 regulation of cell communication 36 out of 1436 genes, 2.51% 697 out of 44951 genes, 1.55% 3.64E-03 2.96E-02
Biological Process 15749 monosaccharide transport 6 out of 1436 genes, 0.42% 48 out of 44951 genes, 0.11% 4.10E-03 3.25E-02
Biological Process 16559 peroxisome fission 3 out of 1436 genes, 0.21% 11 out of 44951 genes, 0.02% 4.43E-03 3.44E-02
Biological Process 10149 senescence 24 out of 1436 genes, 1.67% 418 out of 44951 genes, 0.93% 4.55E-03 3.47E-02
Biological Process 10262 somatic embryogenesis 6 out of 1436 genes, 0.42% 49 out of 44951 genes, 0.11% 4.55E-03 3.47E-02
Biological Process 6558 L-phenylalanine metabolic process 15 out of 1436 genes, 1.04% 218 out of 44951 genes, 0.48% 4.62E-03 3.51E-02
Biological Process 10506 regulation of autophagy 4 out of 1436 genes, 0.28% 22 out of 44951 genes, 0.05% 4.79E-03 3.59E-02
Biological Process 15802 basic amino acid transport 11 out of 1436 genes, 0.77% 138 out of 44951 genes, 0.31% 4.89E-03 3.65E-02
Biological Process 46655 folic acid metabolic process 11 out of 1436 genes, 0.77% 139 out of 44951 genes, 0.31% 5.16E-03 3.84E-02
Biological Process 9095
aromatic amino acid family biosynthetic
process, prephenate pathway
13 out of 1436 genes, 0.91% 180 out of 44951 genes, 0.40% 5.41E-03 3.98E-02
Biological Process 9094 L-phenylalanine biosynthetic process 13 out of 1436 genes, 0.91% 180 out of 44951 genes, 0.40% 5.41E-03 3.98E-02
Biological Process 15766 disaccharide transport 5 out of 1436 genes, 0.35% 36 out of 44951 genes, 0.08% 5.47E-03 3.99E-02
Biological Process 71435 potassium ion export 2 out of 1436 genes, 0.14% 4 out of 44951 genes, 0.01% 5.86E-03 4.20E-02
Biological Process 61024 membrane organization 69 out of 1436 genes, 4.81% 1582 out of 44951 genes, 3.52% 6.07E-03 4.32E-02
Biological Process 10148 transpiration 5 out of 1436 genes, 0.35% 37 out of 44951 genes, 0.08% 6.16E-03 4.33E-02
Biological Process 6182 cGMP biosynthetic process 5 out of 1436 genes, 0.35% 37 out of 44951 genes, 0.08% 6.16E-03 4.33E-02
Biological Process 46068 cGMP metabolic process 5 out of 1436 genes, 0.35% 37 out of 44951 genes, 0.08% 6.16E-03 4.33E-02
Biological Process 9625 response to insect 18 out of 1436 genes, 1.25% 292 out of 44951 genes, 0.65% 6.43E-03 4.48E-02
Biological Process 10150 leaf senescence 18 out of 1436 genes, 1.25% 294 out of 44951 genes, 0.65% 6.88E-03 4.72E-02
Biological Process 9187 cyclic nucleotide metabolic process 5 out of 1436 genes, 0.35% 38 out of 44951 genes, 0.08% 6.91E-03 4.72E-02
Biological Process 15772 oligosaccharide transport 5 out of 1436 genes, 0.35% 38 out of 44951 genes, 0.08% 6.91E-03 4.72E-02
Biological Process 30148 sphingolipid biosynthetic process 8 out of 1436 genes, 0.56% 88 out of 44951 genes, 0.20% 7.17E-03 4.88E-02
Biological Process 9612 response to mechanical stimulus 15 out of 1436 genes, 1.04% 229 out of 44951 genes, 0.51% 7.19E-03 4.88E-02
Molecular Function 16702
oxidoreductase activity, acting on single
donors with incorporation of molecular
oxygen, incorporation of two atoms of
24 out of 1325 genes, 1.81% 107 out of 40938 genes, 0.26% 5.47E-14 4.43E-11
Molecular Function 51213 dioxygenase activity 26 out of 1325 genes, 1.96% 137 out of 40938 genes, 0.33% 3.25E-13 1.32E-10
Molecular Function 16701
oxidoreductase activity, acting on single
donors with incorporation of molecular
oxygen
24 out of 1325 genes, 1.81% 131 out of 40938 genes, 0.32% 5.79E-12 1.56E-09
Molecular Function 4722 protein serine/threonine phosphatase 44 out of 1325 genes, 3.32% 531 out of 40938 genes, 1.30% 1.73E-08 2.81E-06
Molecular Function 10436 carotenoid dioxygenase activity 7 out of 1325 genes, 0.53% 16 out of 40938 genes, 0.04% 3.24E-07 3.76E-05
Molecular Function 45549 9-cis-epoxycarotenoid dioxygenase 7 out of 1325 genes, 0.53% 16 out of 40938 genes, 0.04% 3.24E-07 3.76E-05
Molecular Function 4721 phosphoprotein phosphatase activity 46 out of 1325 genes, 3.47% 656 out of 40938 genes, 1.60% 1.05E-06 1.06E-04
Molecular Function 5509 calcium ion binding 44 out of 1325 genes, 3.32% 621 out of 40938 genes, 1.52% 1.36E-06 1.23E-04
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Categoty GO-ID Description DEG Frequency Genome frequency p-value Corrected p-value
Molecular Function 45140 inositol phosphoceramide synthase 6 out of 1325 genes, 0.45% 13 out of 40938 genes, 0.03% 1.60E-06 1.30E-04
Molecular Function 9975 cyclase activity 9 out of 1325 genes, 0.68% 51 out of 40938 genes, 0.12% 3.39E-05 2.44E-03




3 out of 1325 genes, 0.23% 4 out of 40938 genes, 0.01% 1.32E-04 6.30E-03




3 out of 1325 genes, 0.23% 4 out of 40938 genes, 0.01% 1.32E-04 6.30E-03
Molecular Function 17077 oxidative phosphorylation uncoupler 6 out of 1325 genes, 0.45% 26 out of 40938 genes, 0.06% 1.50E-04 6.73E-03
Molecular Function 10295 (+)-abscisic acid 8'-hydroxylase activity 5 out of 1325 genes, 0.38% 17 out of 40938 genes, 0.04% 1.58E-04 6.73E-03
Molecular Function 4834 tryptophan synthase activity 5 out of 1325 genes, 0.38% 18 out of 40938 genes, 0.04% 2.12E-04 8.61E-03
Molecular Function 4322 ferroxidase activity 3 out of 1325 genes, 0.23% 5 out of 40938 genes, 0.01% 3.22E-04 1.09E-02
Molecular Function 31320 hexitol dehydrogenase activity 3 out of 1325 genes, 0.23% 5 out of 40938 genes, 0.01% 3.22E-04 1.09E-02
Molecular Function 46423 allene-oxide cyclase activity 3 out of 1325 genes, 0.23% 5 out of 40938 genes, 0.01% 3.22E-04 1.09E-02
Molecular Function 30528 transcription regulator activity 184 out of 1325 genes, 13.89% 4486 out of 40938 genes, 10.96% 4.49E-04 1.46E-02
Molecular Function 16491 oxidoreductase activity 140 out of 1325 genes, 10.57% 3300 out of 40938 genes, 8.06% 6.13E-04 1.91E-02
Molecular Function 42578 phosphoric ester hydrolase activity 57 out of 1325 genes, 4.30% 1144 out of 40938 genes, 2.79% 9.73E-04 2.75E-02




3 out of 1325 genes, 0.23% 7 out of 40938 genes, 0.02% 1.07E-03 2.75E-02
Molecular Function 8146 sulfotransferase activity 9 out of 1325 genes, 0.68% 80 out of 40938 genes, 0.20% 1.12E-03 2.75E-02
Molecular Function 15217 ADP transmembrane transporter activity 4 out of 1325 genes, 0.30% 15 out of 40938 genes, 0.04% 1.12E-03 2.75E-02
Molecular Function 46592 polyamine oxidase activity 4 out of 1325 genes, 0.30% 15 out of 40938 genes, 0.04% 1.12E-03 2.75E-02
Molecular Function 16647
oxidoreductase activity, acting on the CH-
NH group of donors, oxygen as acceptor
4 out of 1325 genes, 0.30% 17 out of 40938 genes, 0.04% 1.86E-03 4.30E-02
Molecular Function 47364 desulfoglucosinolate sulfotransferase 5 out of 1325 genes, 0.38% 29 out of 40938 genes, 0.07% 2.19E-03 4.94E-02
Cellular Component 8287 protein serine/threonine phosphatase 44 out of 1389 genes, 3.17% 576 out of 45082 genes, 1.28% 4.61E-08 1.27E-05
Cellular Component 5667 transcription factor complex 175 out of 1389 genes, 12.60% 4040 out of 45082 genes, 8.96% 2.74E-06 3.78E-04
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Categoty GO-ID Description DEG Frequency Genome frequency p-value Corrected p-value
Biological Process 71417 cellular response to organic 6 out of 533 genes, 1.13% 21 out of 44951 genes, 0.05% 1.26E-07 7.14E-05
Biological Process 71229 cellular response to acid 6 out of 533 genes, 1.13% 24 out of 44951 genes, 0.05% 3.03E-07 1.37E-04
Biological Process 70208 protein heterotrimerization 4 out of 533 genes, 0.75% 9 out of 44951 genes, 0.02% 2.35E-06 4.64E-04
Biological Process 1775 cell activation 9 out of 533 genes, 1.69% 97 out of 44951 genes, 0.22% 2.46E-06 4.64E-04
Biological Process 1101 response to acid 6 out of 533 genes, 1.13% 34 out of 44951 genes, 0.08% 2.74E-06 4.78E-04
Biological Process 33273 response to vitamin 6 out of 533 genes, 1.13% 37 out of 44951 genes, 0.08% 4.60E-06 6.94E-04
Biological Process 70206 protein trimerization 4 out of 533 genes, 0.75% 15 out of 44951 genes, 0.03% 2.41E-05 2.27E-03
Biological Process 17148 negative regulation of translation 6 out of 533 genes, 1.13% 50 out of 44951 genes, 0.11% 2.76E-05 2.40E-03
Biological Process 48519
negative regulation of biological
process
81 out of 533 genes, 15.20% 4337 out of 44951 genes, 9.65% 2.93E-05 2.44E-03
Biological Process 51291 protein heterooligomerization 4 out of 533 genes, 0.75% 17 out of 44951 genes, 0.04% 4.12E-05 2.91E-03
Biological Process 9965 leaf morphogenesis 31 out of 533 genes, 5.82% 1222 out of 44951 genes, 2.72% 7.52E-05 4.77E-03
Biological Process 43062 extracellular structure 7 out of 533 genes, 1.31% 86 out of 44951 genes, 0.19% 7.59E-05 4.77E-03
Biological Process 71260
cellular response to mechanical
stimulus
3 out of 533 genes, 0.56% 9 out of 44951 genes, 0.02% 1.32E-04 6.96E-03
Biological Process 42989 sequestering of actin monomers 2 out of 533 genes, 0.38% 2 out of 44951 genes, 0.00% 1.40E-04 7.06E-03








8 out of 533 genes, 1.50% 137 out of 44951 genes, 0.30% 2.44E-04 1.00E-02




3 out of 533 genes, 0.56% 13 out of 44951 genes, 0.03% 4.34E-04 1.34E-02
Biological Process 32990 cell part morphogenesis 7 out of 533 genes, 1.31% 115 out of 44951 genes, 0.26% 4.61E-04 1.39E-02
Biological Process 55066
di-, tri-valent inorganic cation
homeostasis
11 out of 533 genes, 2.06% 279 out of 44951 genes, 0.62% 5.60E-04 1.61E-02
Biological Process 30003 cellular cation homeostasis 14 out of 533 genes, 2.63% 421 out of 44951 genes, 0.94% 5.83E-04 1.65E-02
Biological Process 6424 glutamyl-tRNA aminoacylation 3 out of 533 genes, 0.56% 15 out of 44951 genes, 0.03% 6.78E-04 1.83E-02
Biological Process 3008 system process 8 out of 533 genes, 1.50% 163 out of 44951 genes, 0.36% 7.75E-04 2.01E-02
Biological Process 19371 cyclooxygenase pathway 2 out of 533 genes, 0.38% 4 out of 44951 genes, 0.01% 8.29E-04 2.01E-02
Biological Process 30030 cell projection organization 7 out of 533 genes, 1.31% 127 out of 44951 genes, 0.28% 8.33E-04 2.01E-02
Biological Process 40011 locomotion 8 out of 533 genes, 1.50% 172 out of 44951 genes, 0.38% 1.10E-03 2.46E-02
Biological Process 2250 adaptive immune response 3 out of 533 genes, 0.56% 18 out of 44951 genes, 0.04% 1.18E-03 2.61E-02
Biological Process 50793 regulation of developmental 54 out of 533 genes, 10.13% 2977 out of 44951 genes, 6.62% 1.33E-03 2.91E-02
Biological Process 44087
regulation of cellular component
biogenesis
6 out of 533 genes, 1.13% 104 out of 44951 genes, 0.23% 1.54E-03 3.17E-02
Biological Process 45786 negative regulation of cell cycle 6 out of 533 genes, 1.13% 105 out of 44951 genes, 0.23% 1.62E-03 3.27E-02
Biological Process 51348
negative regulation of transferase
activity
7 out of 533 genes, 1.31% 145 out of 44951 genes, 0.32% 1.80E-03 3.45E-02
Biological Process 48518
positive regulation of biological
process
59 out of 533 genes, 11.07% 3376 out of 44951 genes, 7.51% 1.89E-03 3.58E-02
Biological Process 42127 regulation of cell proliferation 15 out of 533 genes, 2.81% 533 out of 44951 genes, 1.19% 1.99E-03 3.61E-02
Biological Process 1957 intramembranous ossification 2 out of 533 genes, 0.38% 6 out of 44951 genes, 0.01% 2.04E-03 3.61E-02
Biological Process 6521
regulation of cellular amino acid
metabolic process
4 out of 533 genes, 0.75% 47 out of 44951 genes, 0.10% 2.33E-03 4.00E-02
Biological Process 32502 developmental process 164 out of 533 genes, 30.77% 11406 out of 44951 genes, 25.37% 2.73E-03 4.36E-02
Biological Process 30005
cellular di-, tri-valent inorganic
cation homeostasis
8 out of 533 genes, 1.50% 199 out of 44951 genes, 0.44% 2.74E-03 4.36E-02
Biological Process 51674 localization of cell 5 out of 533 genes, 0.94% 81 out of 44951 genes, 0.18% 2.81E-03 4.36E-02
Biological Process 10311 lateral root formation 5 out of 533 genes, 0.94% 81 out of 44951 genes, 0.18% 2.81E-03 4.36E-02
Biological Process 71300 cellular response to retinoic acid 2 out of 533 genes, 0.38% 7 out of 44951 genes, 0.02% 2.83E-03 4.36E-02
Biological Process 71299 cellular response to vitamin A 2 out of 533 genes, 0.38% 7 out of 44951 genes, 0.02% 2.83E-03 4.36E-02
Biological Process 16098 monoterpenoid metabolic process 4 out of 533 genes, 0.75% 50 out of 44951 genes, 0.11% 2.92E-03 4.36E-02
Biological Process 16099 monoterpenoid biosynthetic 4 out of 533 genes, 0.75% 50 out of 44951 genes, 0.11% 2.92E-03 4.36E-02
Biological Process 51128
regulation of cellular component
organization
23 out of 533 genes, 4.32% 1025 out of 44951 genes, 2.28% 2.99E-03 4.41E-02
Biological Process 22621 shoot system development 42 out of 533 genes, 7.88% 2263 out of 44951 genes, 5.03% 3.02E-03 4.41E-02
Biological Process 51259 protein oligomerization 6 out of 533 genes, 1.13% 119 out of 44951 genes, 0.26% 3.04E-03 4.41E-02
Biological Process 6892 post-Golgi vesicle-mediated 3 out of 533 genes, 0.56% 25 out of 44951 genes, 0.06% 3.14E-03 4.53E-02
Biological Process 9410 response to xenobiotic stimulus 15 out of 533 genes, 2.81% 567 out of 44951 genes, 1.26% 3.55E-03 4.99E-02
Biological Process 10440 stomatal lineage progression 7 out of 533 genes, 1.31% 164 out of 44951 genes, 0.36% 3.57E-03 4.99E-02
Biological Process 51972 regulation of telomerase activity 2 out of 533 genes, 0.38% 8 out of 44951 genes, 0.02% 3.75E-03 4.99E-02
Biological Process 51973
positive regulation of telomerase
activity
2 out of 533 genes, 0.38% 8 out of 44951 genes, 0.02% 3.75E-03 4.99E-02
Biological Process 10812
negative regulation of cell-
substrate adhesion
2 out of 533 genes, 0.38% 8 out of 44951 genes, 0.02% 3.75E-03 4.99E-02








6 out of 468 genes, 1.28% 30 out of 40938 genes, 0.07% 1.02E-06 3.01E-04
Molecular Function 19838 growth factor binding 5 out of 468 genes, 1.07% 27 out of 40938 genes, 0.07% 1.25E-05 2.47E-03
Molecular Function 5515 protein binding 143 out of 468 genes, 30.56% 9451 out of 40938 genes, 23.09% 1.12E-04 1.66E-02
Molecular Function 46332 SMAD binding 3 out of 468 genes, 0.64% 10 out of 40938 genes, 0.02% 1.68E-04 1.99E-02
Molecular Function 3823 antigen binding 3 out of 468 genes, 0.64% 11 out of 40938 genes, 0.03% 2.29E-04 2.16E-02




3 out of 468 genes, 0.64% 12 out of 40938 genes, 0.03% 3.02E-04 2.24E-02
Molecular Function 33550
MAP kinase tyrosine phosphatase
activity




2 out of 468 genes, 0.43% 4 out of 40938 genes, 0.01% 7.71E-04 4.56E-02
Cellular Component 44421 extracellular region part 20 out of 545 genes, 3.67% 253 out of 45082 genes, 0.56% 5.12E-11 1.67E-08
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Categoty GO-ID Description DEG Frequency Genome frequency p-value Corrected p-value
Cellular Component 5615 extracellular space 14 out of 545 genes, 2.57% 154 out of 45082 genes, 0.34% 6.77E-09 1.10E-06
Cellular Component 31012 extracellular matrix 12 out of 545 genes, 2.20% 122 out of 45082 genes, 0.27% 3.36E-08 3.64E-06
Cellular Component 5578 proteinaceous extracellular matrix 9 out of 545 genes, 1.65% 70 out of 45082 genes, 0.16% 1.75E-07 1.18E-05
Cellular Component 5583 fibrillar collagen 5 out of 545 genes, 0.92% 15 out of 45082 genes, 0.03% 6.89E-07 3.73E-05
Cellular Component 5584 collagen type I 4 out of 545 genes, 0.73% 10 out of 45082 genes, 0.02% 4.19E-06 1.70E-04
Cellular Component 5788 endoplasmic reticulum lumen 7 out of 545 genes, 1.28% 62 out of 45082 genes, 0.14% 1.01E-05 3.63E-04
Cellular Component 8043 intracellular ferritin complex 2 out of 545 genes, 0.37% 3 out of 45082 genes, 0.01% 4.34E-04 1.28E-02
Cellular Component 70288 ferritin complex 2 out of 545 genes, 0.37% 3 out of 45082 genes, 0.01% 4.34E-04 1.28E-02
Cellular Component 19814 immunoglobulin complex 3 out of 545 genes, 0.55% 14 out of 45082 genes, 0.03% 5.79E-04 1.57E-02
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Appendix Table 7. Over-represented GO terms in up-regulated DEGs in the leaves at 12 h
Categoty GO-ID Description DEG Frequency Genome frequency p-value Corrected p-value
Biological Process 6972 hyperosmotic response 28 out of 605 genes, 4.63% 773 out of 44951 genes, 1.72% 2.95E-06 5.42E-03
Biological Process 10321 regulation of vegetative phase change 4 out of 605 genes, 0.66% 11 out of 44951 genes, 0.02% 9.95E-06 9.15E-03
Biological Process 9628 response to abiotic stimulus 141 out of 605 genes, 23.31% 7664 out of 44951 genes, 17.05% 4.60E-05 2.67E-02
Biological Process 6970 response to osmotic stress 57 out of 605 genes, 9.42% 2501 out of 44951 genes, 5.56% 8.36E-05 2.67E-02
Biological Process 9409 response to cold 47 out of 605 genes, 7.77% 1947 out of 44951 genes, 4.33% 9.70E-05 2.67E-02
Biological Process 42538 hyperosmotic salinity response 19 out of 605 genes, 3.14% 525 out of 44951 genes, 1.17% 1.14E-04 2.67E-02
Biological Process 15766 disaccharide transport 5 out of 605 genes, 0.83% 36 out of 44951 genes, 0.08% 1.16E-04 2.67E-02
Biological Process 15770 sucrose transport 5 out of 605 genes, 0.83% 36 out of 44951 genes, 0.08% 1.16E-04 2.67E-02
Biological Process 15772 oligosaccharide transport 5 out of 605 genes, 0.83% 38 out of 44951 genes, 0.08% 1.51E-04 3.09E-02
Biological Process 9266 response to temperature stimulus 62 out of 605 genes, 10.25% 2876 out of 44951 genes, 6.40% 1.89E-04 3.47E-02
Biological Process 9737 response to abscisic acid stimulus 48 out of 605 genes, 7.93% 2082 out of 44951 genes, 4.63% 2.37E-04 3.96E-02
Molecualr Function 30613
oxidoreductase activity, acting on
phosphorus or arsenic in donors
5 out of 569 genes, 0.88% 21 out of 40938 genes, 0.05% 8.63E-06 1.57E-03
Molecualr Function 30614
oxidoreductase activity, acting on
phosphorus or arsenic in donors, with
5 out of 569 genes, 0.88% 21 out of 40938 genes, 0.05% 8.63E-06 1.57E-03
Molecualr Function 8794 arsenate reductase (glutaredoxin) activity 5 out of 569 genes, 0.88% 21 out of 40938 genes, 0.05% 8.63E-06 1.57E-03
Molecualr Function 30611 arsenate reductase activity 5 out of 569 genes, 0.88% 22 out of 40938 genes, 0.05% 1.10E-05 1.57E-03
Molecualr Function 15154 disaccharide transmembrane transporter 5 out of 569 genes, 0.88% 36 out of 40938 genes, 0.09% 1.35E-04 1.28E-02
Molecualr Function 8515 sucrose transmembrane transporter activity 5 out of 569 genes, 0.88% 36 out of 40938 genes, 0.09% 1.35E-04 1.28E-02
Molecualr Function 5515 protein binding 167 out of 569 genes, 29.35% 9451 out of 40938 genes, 23.09% 2.98E-04 2.43E-02
Cellular Component 5634 nucleus 262 out of 619 genes, 42.33% 15261 out of 45082 genes, 33.85% 6.11E-06 1.58E-03
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Appendix Table 8. Over-represented GO terms in down-regulated DEGs in the leaves at 12 h
Categoty GO-ID Description DEG Frequency Genome frequency p-value Corrected p-value
Biological Process 45730 respiratory burst 27 out of 657 genes, 4.11% 448 out of 44951 genes, 1.00% 8.49E-10 7.57E-07
Biological Process 2679 respiratory burst involved in defense 27 out of 657 genes, 4.11% 448 out of 44951 genes, 1.00% 8.49E-10 7.57E-07
Biological Process 9743 response to carbohydrate stimulus 77 out of 657 genes, 11.72% 2562 out of 44951 genes, 5.70% 2.03E-09 9.83E-07
Biological Process 10200 response to chitin 54 out of 657 genes, 8.22% 1511 out of 44951 genes, 3.36% 2.20E-09 9.83E-07
Biological Process 9693 ethylene biosynthetic process 18 out of 657 genes, 2.74% 306 out of 44951 genes, 0.68% 7.77E-07 2.31E-04
Biological Process 2252 immune effector process 33 out of 657 genes, 5.02% 943 out of 44951 genes, 2.10% 4.83E-06 1.23E-03
Biological Process 80001 mucilage extrusion from seed coat 7 out of 657 genes, 1.07% 56 out of 44951 genes, 0.12% 1.72E-05 2.79E-03
Biological Process 9612 response to mechanical stimulus 13 out of 657 genes, 1.98% 229 out of 44951 genes, 0.51% 3.76E-05 5.60E-03
Biological Process 50832 defense response to fungus 38 out of 657 genes, 5.78% 1316 out of 44951 genes, 2.93% 6.74E-05 9.25E-03
Biological Process 48359
mucilage metabolic process involved seed
coat development
7 out of 657 genes, 1.07% 74 out of 44951 genes, 0.16% 1.06E-04 1.36E-02
Biological Process 9620 response to fungus 46 out of 657 genes, 7.00% 1764 out of 44951 genes, 3.92% 1.32E-04 1.57E-02
Biological Process 10191 mucilage metabolic process 7 out of 657 genes, 1.07% 80 out of 44951 genes, 0.18% 1.74E-04 1.94E-02
Biological Process 35556 intracellular signal transduction 47 out of 657 genes, 7.15% 1847 out of 44951 genes, 4.11% 1.95E-04 2.05E-02
Biological Process 42180 cellular ketone metabolic process 164 out of 657 genes, 24.96% 8706 out of 44951 genes, 19.37% 2.31E-04 2.29E-02
Biological Process 44283 small molecule biosynthetic process 119 out of 657 genes, 18.11% 6009 out of 44951 genes, 13.37% 3.30E-04 3.10E-02
Biological Process 6952 defense response 94 out of 657 genes, 14.31% 4536 out of 44951 genes, 10.09% 3.58E-04 3.11E-02
Biological Process 96 sulfur amino acid metabolic process 32 out of 657 genes, 4.87% 1140 out of 44951 genes, 2.54% 4.05E-04 3.11E-02
Biological Process 19752 carboxylic acid metabolic process 160 out of 657 genes, 24.35% 8566 out of 44951 genes, 19.06% 4.23E-04 3.11E-02
Biological Process 6082 organic acid metabolic process 160 out of 657 genes, 24.35% 8578 out of 44951 genes, 19.08% 4.52E-04 3.11E-02
Biological Process 6949 syncytium formation 5 out of 657 genes, 0.76% 45 out of 44951 genes, 0.10% 4.95E-04 3.11E-02
Biological Process 19497 hexachlorocyclohexane metabolic process 7 out of 657 genes, 1.07% 95 out of 44951 genes, 0.21% 5.02E-04 3.11E-02
Biological Process 9738 abscisic acid mediated signaling pathway 25 out of 657 genes, 3.81% 817 out of 44951 genes, 1.82% 5.06E-04 3.11E-02
Biological Process 90355 positive regulation of auxin metabolic 2 out of 657 genes, 0.30% 3 out of 44951 genes, 0.01% 6.34E-04 3.33E-02
Biological Process 90358
positive regulation of tryptophan metabolic
process
2 out of 657 genes, 0.30% 3 out of 44951 genes, 0.01% 6.34E-04 3.33E-02
Biological Process 9828 plant-type cell wall loosening 5 out of 657 genes, 0.76% 48 out of 44951 genes, 0.11% 6.69E-04 3.41E-02
Molecular Function 22892 substrate-specific transporter activity 65 out of 585 genes, 11.11% 2687 out of 40938 genes, 6.56% 2.54E-05 9.12E-03
Molecular Function 46943
carboxylic acid transmembrane transporter
activity




58 out of 585 genes, 9.91% 2379 out of 40938 genes, 5.81% 5.75E-05 9.12E-03
Molecular Function 5342 organic acid transmembrane transporter 14 out of 585 genes, 2.39% 280 out of 40938 genes, 0.68% 5.95E-05 9.12E-03
Molecular Function 4252 serine-type endopeptidase activity 9 out of 585 genes, 1.54% 145 out of 40938 genes, 0.35% 2.54E-04 2.59E-02
Molecular Function 5215 transporter activity 75 out of 585 genes, 12.82% 3565 out of 40938 genes, 8.71% 4.90E-04 3.66E-02
Molecular Function 3993 acid phosphatase activity 7 out of 585 genes, 1.20% 99 out of 40938 genes, 0.24% 5.63E-04 3.66E-02
Molecular Function 16810
hydrolase activity, acting on carbon-nitrogen
(but not peptide) bonds
10 out of 585 genes, 1.71% 199 out of 40938 genes, 0.49% 6.32E-04 3.66E-02
Molecular Function 5275 amine transmembrane transporter activity 10 out of 585 genes, 1.71% 200 out of 40938 genes, 0.49% 6.57E-04 3.66E-02
Cellular Component 5576 extracellular region 84 out of 672 genes, 12.50% 3280 out of 45082 genes, 7.28% 9.46E-07 2.30E-04
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Appendix Table 9. Over-represented GO terms in up-regulated DEGs in the roots at 1 h
Categoty GO-ID Description DEG Frequency Genome frequency p-value Corrected p-value
Biological Process 9414 response to water deprivation 91 out of 1057 genes, 8.61% 1391 out of 44951 genes, 3.09% 2.49E-18 2.58E-15
Biological Process 9737 response to abscisic acid stimulus 112 out of 1057 genes, 10.60% 2082 out of 44951 genes, 4.63% 4.26E-16 1.77E-13
Biological Process 42221 response to chemical stimulus 394 out of 1057 genes, 37.28% 11984 out of 44951 genes, 26.66% 1.43E-14 4.97E-12
Biological Process 42538 hyperosmotic salinity response 46 out of 1057 genes, 4.35% 525 out of 44951 genes, 1.17% 3.30E-14 9.80E-12
Biological Process 10033 response to organic substance 299 out of 1057 genes, 28.29% 8489 out of 44951 genes, 18.89% 3.84E-14 9.99E-12
Biological Process 9719 response to endogenous stimulus 199 out of 1057 genes, 18.83% 5247 out of 44951 genes, 11.67% 5.48E-12 1.27E-09
Biological Process 10200 response to chitin 77 out of 1057 genes, 7.28% 1511 out of 44951 genes, 3.36% 2.71E-10 4.69E-08
Biological Process 50896 response to stimulus 523 out of 1057 genes, 49.48% 18372 out of 44951 genes, 40.87% 6.51E-09 9.02E-07
Biological Process 6970 response to osmotic stress 105 out of 1057 genes, 9.93% 2501 out of 44951 genes, 5.56% 7.73E-09 1.00E-06
Biological Process 9620 response to fungus 81 out of 1057 genes, 7.66% 1764 out of 44951 genes, 3.92% 1.06E-08 1.29E-06
Biological Process 10583 response to cyclopentenone 26 out of 1057 genes, 2.46% 319 out of 44951 genes, 0.71% 5.30E-08 5.51E-06
Biological Process 6950 response to stress 343 out of 1057 genes, 32.45% 11590 out of 44951 genes, 25.78% 5.74E-07 4.97E-05
Biological Process 31407 oxylipin metabolic process 30 out of 1057 genes, 2.84% 461 out of 44951 genes, 1.03% 7.11E-07 5.91E-05
Biological Process 9404 toxin metabolic process 35 out of 1057 genes, 3.31% 592 out of 44951 genes, 1.32% 8.27E-07 6.36E-05
Biological Process 9407 toxin catabolic process 35 out of 1057 genes, 3.31% 592 out of 44951 genes, 1.32% 8.27E-07 6.36E-05
Biological Process 9611 response to wounding 57 out of 1057 genes, 5.39% 1215 out of 44951 genes, 2.70% 8.63E-07 6.40E-05
Biological Process 9723 response to ethylene stimulus 58 out of 1057 genes, 5.49% 1264 out of 44951 genes, 2.81% 1.39E-06 9.93E-05
Biological Process 9753 response to jasmonic acid stimulus 71 out of 1057 genes, 6.72% 1701 out of 44951 genes, 3.78% 2.81E-06 1.82E-04
Biological Process 31408 oxylipin biosynthetic process 26 out of 1057 genes, 2.46% 397 out of 44951 genes, 0.88% 3.42E-06 2.15E-04
Biological Process 9694 jasmonic acid metabolic process 28 out of 1057 genes, 2.65% 451 out of 44951 genes, 1.00% 4.06E-06 2.48E-04
Biological Process 50832 defense response to fungus 58 out of 1057 genes, 5.49% 1316 out of 44951 genes, 2.93% 4.73E-06 2.81E-04
Biological Process 9695 jasmonic acid biosynthetic process 25 out of 1057 genes, 2.37% 390 out of 44951 genes, 0.87% 7.58E-06 4.37E-04
Biological Process 9607 response to biotic stimulus 173 out of 1057 genes, 16.37% 5376 out of 44951 genes, 11.96% 1.14E-05 6.24E-04
Biological Process 9628 response to abiotic stimulus 233 out of 1057 genes, 22.04% 7664 out of 44951 genes, 17.05% 1.38E-05 7.36E-04
Biological Process 6518 peptide metabolic process 20 out of 1057 genes, 1.89% 292 out of 44951 genes, 0.65% 2.35E-05 1.07E-03
Biological Process 9409 response to cold 75 out of 1057 genes, 7.10% 1947 out of 44951 genes, 4.33% 2.36E-05 1.07E-03
Biological Process 45730 respiratory burst 26 out of 1057 genes, 2.46% 448 out of 44951 genes, 1.00% 2.82E-05 1.20E-03
Biological Process 2679
respiratory burst involved in defense
response
26 out of 1057 genes, 2.46% 448 out of 44951 genes, 1.00% 2.82E-05 1.20E-03
Biological Process 34976 response to endoplasmic reticulum stress 49 out of 1057 genes, 4.64% 1121 out of 44951 genes, 2.49% 3.14E-05 1.30E-03
Biological Process 6986 response to unfolded protein 34 out of 1057 genes, 3.22% 685 out of 44951 genes, 1.52% 4.60E-05 1.87E-03
Biological Process 48583 regulation of response to stimulus 87 out of 1057 genes, 8.23% 2401 out of 44951 genes, 5.34% 4.87E-05 1.95E-03
Biological Process 6030 chitin metabolic process 7 out of 1057 genes, 0.66% 42 out of 44951 genes, 0.09% 5.13E-05 2.01E-03
Biological Process 34293 sexual sporulation 4 out of 1057 genes, 0.38% 10 out of 44951 genes, 0.02% 5.70E-05 2.04E-03
Biological Process 9751 response to salicylic acid stimulus 65 out of 1057 genes, 6.15% 1684 out of 44951 genes, 3.75% 7.77E-05 2.74E-03
Biological Process 31347 regulation of defense response 69 out of 1057 genes, 6.53% 1836 out of 44951 genes, 4.08% 1.04E-04 3.49E-03
Biological Process 9867 jasmonic acid mediated signaling 44 out of 1057 genes, 4.16% 1022 out of 44951 genes, 2.27% 1.10E-04 3.62E-03
Biological Process 43934 sporulation 4 out of 1057 genes, 0.38% 14 out of 44951 genes, 0.03% 2.52E-04 7.38E-03
Biological Process 9405 pathogenesis 4 out of 1057 genes, 0.38% 14 out of 44951 genes, 0.03% 2.52E-04 7.38E-03
Biological Process 71445 cellular response to protein stimulus 31 out of 1057 genes, 2.93% 662 out of 44951 genes, 1.47% 2.70E-04 7.59E-03
Biological Process 9863 salicylic acid mediated signaling 47 out of 1057 genes, 4.45% 1166 out of 44951 genes, 2.59% 2.91E-04 7.96E-03
Biological Process 6984 ER-nucleus signaling pathway 31 out of 1057 genes, 2.93% 668 out of 44951 genes, 1.49% 3.15E-04 8.50E-03
Biological Process 60548 negative regulation of cell death 37 out of 1057 genes, 3.50% 853 out of 44951 genes, 1.90% 3.25E-04 8.66E-03
Biological Process 6979 response to oxidative stress 56 out of 1057 genes, 5.30% 1472 out of 44951 genes, 3.27% 3.41E-04 8.96E-03




34 out of 1057 genes, 3.22% 781 out of 44951 genes, 1.74% 5.23E-04 1.28E-02
Biological Process 9064
glutamine family amino acid metabolic
process
19 out of 1057 genes, 1.80% 341 out of 44951 genes, 0.76% 5.30E-04 1.28E-02
Biological Process 6616
SRP-dependent cotranslational protein
targeting to membrane, translocation
2 out of 1057 genes, 0.19% 2 out of 44951 genes, 0.00% 5.52E-04 1.30E-02
Biological Process 51704 multi-organism process 162 out of 1057 genes, 15.33% 5408 out of 44951 genes, 12.03% 7.26E-04 1.45E-02
Biological Process 16998 cell wall macromolecule catabolic 7 out of 1057 genes, 0.66% 65 out of 44951 genes, 0.14% 8.29E-04 1.61E-02
Biological Process 9828 plant-type cell wall loosening 6 out of 1057 genes, 0.57% 48 out of 44951 genes, 0.11% 8.81E-04 1.69E-02
Biological Process 7243 intracellular protein kinase cascade 35 out of 1057 genes, 3.31% 862 out of 44951 genes, 1.92% 1.45E-03 2.63E-02
Biological Process 9642 response to light intensity 28 out of 1057 genes, 2.65% 647 out of 44951 genes, 1.44% 1.69E-03 2.96E-02
Biological Process 7585 respiratory gaseous exchange 3 out of 1057 genes, 0.28% 11 out of 44951 genes, 0.02% 1.86E-03 3.22E-02
Biological Process 9627 systemic acquired resistance 50 out of 1057 genes, 4.73% 1382 out of 44951 genes, 3.07% 1.98E-03 3.34E-02
Biological Process 70726 cell wall assembly 4 out of 1057 genes, 0.38% 24 out of 44951 genes, 0.05% 2.22E-03 3.63E-02
Biological Process 10363
regulation of plant-type hypersensitive
response
46 out of 1057 genes, 4.35% 1257 out of 44951 genes, 2.80% 2.37E-03 3.83E-02
Biological Process 30522
intracellular receptor mediated signaling
pathway
6 out of 1057 genes, 0.57% 58 out of 44951 genes, 0.13% 2.38E-03 3.83E-02
Biological Process 32787 monocarboxylic acid metabolic process 136 out of 1057 genes, 12.87% 4564 out of 44951 genes, 10.15% 2.42E-03 3.83E-02
Biological Process 10244
response to low fluence blue light
stimulus by blue low-fluence system
3 out of 1057 genes, 0.28% 12 out of 44951 genes, 0.03% 2.43E-03 3.83E-02
Biological Process 46677 response to antibiotic 3 out of 1057 genes, 0.28% 12 out of 44951 genes, 0.03% 2.43E-03 3.83E-02
Biological Process 51762 sesquiterpene biosynthetic process 8 out of 1057 genes, 0.76% 100 out of 44951 genes, 0.22% 2.52E-03 3.88E-02
Biological Process 16106 sesquiterpenoid biosynthetic process 8 out of 1057 genes, 0.76% 100 out of 44951 genes, 0.22% 2.52E-03 3.88E-02
Biological Process 6631 fatty acid metabolic process 62 out of 1057 genes, 5.87% 1833 out of 44951 genes, 4.08% 2.95E-03 4.51E-02
Biological Process 51156 glucose 6-phosphate metabolic process 2 out of 1057 genes, 0.19% 4 out of 44951 genes, 0.01% 3.21E-03 4.74E-02
Biological Process 51789 response to protein stimulus 45 out of 1057 genes, 4.26% 1247 out of 44951 genes, 2.77% 3.39E-03 4.96E-02
Molecular Function 10436 carotenoid dioxygenase activity 7 out of 944 genes, 0.74% 16 out of 40938 genes, 0.04% 3.24E-08 1.06E-05
Molecular Function 45549 9-cis-epoxycarotenoid dioxygenase 7 out of 944 genes, 0.74% 16 out of 40938 genes, 0.04% 3.24E-08 1.06E-05
Molecular Function 51213 dioxygenase activity 15 out of 944 genes, 1.59% 137 out of 40938 genes, 0.33% 7.07E-07 1.55E-04
Molecular Function 16702
oxidoreductase activity, acting on single
donors with incorporation of molecular
oxygen, incorporation of two atoms of
oxygen
13 out of 944 genes, 1.38% 107 out of 40938 genes, 0.26% 1.18E-06 1.94E-04
Molecular Function 16491 oxidoreductase activity 115 out of 944 genes, 12.18% 3300 out of 40938 genes, 8.06% 6.17E-06 8.12E-04
Molecular Function 16701
oxidoreductase activity, acting on single
donors with incorporation of molecular
oxygen
13 out of 944 genes, 1.38% 131 out of 40938 genes, 0.32% 1.14E-05 1.25E-03
Molecular Function 4364 glutathione transferase activity 13 out of 944 genes, 1.38% 156 out of 40938 genes, 0.38% 7.22E-05 6.70E-03




6 out of 944 genes, 0.64% 33 out of 40938 genes, 0.08% 9.62E-05 7.04E-03
Molecular Function 80044 quercetin 7-O-glucosyltransferase 8 out of 944 genes, 0.85% 72 out of 40938 genes, 0.18% 2.52E-04 1.66E-02
Molecular Function 8194 UDP-glycosyltransferase activity 35 out of 944 genes, 3.71% 826 out of 40938 genes, 2.02% 4.92E-04 2.95E-02
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3 out of 944 genes, 0.32% 8 out of 40938 genes, 0.02% 6.28E-04 3.44E-02
Molecular Function 16682
oxidoreductase activity, acting on
diphenols and related substances as
donors, oxygen as acceptor
5 out of 944 genes, 0.53% 32 out of 40938 genes, 0.08% 7.75E-04 3.92E-02
Molecular Function 3844 1,4-alpha-glucan branching enzyme 3 out of 944 genes, 0.32% 9 out of 40938 genes, 0.02% 9.25E-04 4.25E-02
Molecular Function 43424 protein histidine kinase binding 9 out of 944 genes, 0.95% 109 out of 40938 genes, 0.27% 9.70E-04 4.25E-02
Cellular Component 30479 actin cortical patch 4 out of 980 genes, 0.41% 8 out of 45082 genes, 0.02% 1.45E-05 4.77E-03
Cellular Component 5628 prospore membrane 3 out of 980 genes, 0.31% 7 out of 45082 genes, 0.02% 3.36E-04 2.76E-02
Cellular Component 34099 luminal surveillance complex 2 out of 980 genes, 0.20% 2 out of 45082 genes, 0.00% 4.72E-04 3.11E-02
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Appendix Table 10. Over-represented GO terms in down-regulated DEGs in the roots at 1 h
Categoty GO-ID Description DEG Frequency Genome frequency p-value Corrected p-value
Biological Process 15721 bile acid and bile salt transport 5 out of 612 genes, 0.82% 24 out of 44951 genes, 0.05% 1.58E-05 2.07E-02
Biological Process 71497 cellular response to freezing 4 out of 612 genes, 0.65% 13 out of 44951 genes, 0.03% 2.21E-05 2.07E-02
Molecular Function 15125 bile acid transmembrane transporter activity 5 out of 549 genes, 0.91% 23 out of 40938 genes, 0.06% 1.17E-05 2.99E-03
Molecular Function 8508 bile acid:sodium symporter activity 5 out of 549 genes, 0.91% 23 out of 40938 genes, 0.06% 1.17E-05 2.99E-03




5 out of 549 genes, 0.91% 28 out of 40938 genes, 0.07% 3.24E-05 4.39E-03
Molecular Function 15081 sodium ion transmembrane transporter 7 out of 549 genes, 1.28% 68 out of 40938 genes, 0.17% 3.59E-05 4.39E-03
Molecular Function 15370 solute:sodium symporter activity 5 out of 549 genes, 0.91% 34 out of 40938 genes, 0.08% 8.59E-05 8.75E-03
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Appendix Table 11. Over-represented GO terms in up-regulated DEGs in the roots at 12 h
Categoty GO-ID Description DEG Frequency Genome frequency p-value Corrected p-value








47 out of 972 genes, 4.84% 129 out of 44951 genes, 0.29% 1.39E-44 5.37E-42
Biological Process 6413 translational initiation 45 out of 972 genes, 4.63% 120 out of 44951 genes, 0.27% 2.09E-43 6.29E-41
Biological Process 6414 translational elongation 47 out of 972 genes, 4.84% 154 out of 44951 genes, 0.34% 2.01E-40 3.40E-38
Biological Process 22411 cellular component disassembly 49 out of 972 genes, 5.04% 231 out of 44951 genes, 0.51% 8.44E-34 1.27E-31
Biological Process 6401 RNA catabolic process 56 out of 972 genes, 5.76% 525 out of 44951 genes, 1.17% 1.22E-22 1.57E-20
Biological Process 16071 mRNA metabolic process 69 out of 972 genes, 7.10% 1209 out of 44951 genes, 2.69% 4.37E-13 4.74E-11
Biological Process 6412 translation 73 out of 972 genes, 7.51% 1367 out of 44951 genes, 3.04% 2.18E-12 2.11E-10
Biological Process 42254 ribosome biogenesis 80 out of 972 genes, 8.23% 1604 out of 44951 genes, 3.57% 5.72E-12 5.34E-10




84 out of 972 genes, 8.64% 1797 out of 44951 genes, 4.00% 4.36E-11 3.69E-09
Biological Process 42060 wound healing 15 out of 972 genes, 1.54% 91 out of 44951 genes, 0.20% 1.13E-09 9.00E-08
Biological Process 14866 skeletal myofibril assembly 6 out of 972 genes, 0.62% 8 out of 44951 genes, 0.02% 2.72E-09 2.04E-07
Biological Process 3008 system process 19 out of 972 genes, 1.95% 163 out of 44951 genes, 0.36% 3.10E-09 2.27E-07
Biological Process 6425 glutaminyl-tRNA aminoacylation 5 out of 972 genes, 0.51% 5 out of 44951 genes, 0.01% 4.68E-09 3.25E-07
Biological Process 6928 cellular component movement 17 out of 972 genes, 1.75% 135 out of 44951 genes, 0.30% 6.40E-09 4.30E-07
Biological Process 50878 regulation of body fluid levels 14 out of 972 genes, 1.44% 88 out of 44951 genes, 0.20% 6.50E-09 4.30E-07
Biological Process 9057 macromolecule catabolic process 96 out of 972 genes, 9.88% 2446 out of 44951 genes, 5.44% 1.54E-08 9.29E-07
Biological Process 32990 cell part morphogenesis 15 out of 972 genes, 1.54% 115 out of 44951 genes, 0.26% 3.05E-08 1.53E-06
Biological Process 85029 extracellular matrix assembly 5 out of 972 genes, 0.51% 7 out of 44951 genes, 0.02% 9.48E-08 4.14E-06
Biological Process 30030 cell projection organization 15 out of 972 genes, 1.54% 127 out of 44951 genes, 0.28% 1.17E-07 5.02E-06
Biological Process 42273 ribosomal large subunit biogenesis 6 out of 972 genes, 0.62% 13 out of 44951 genes, 0.03% 1.52E-07 6.42E-06
Biological Process 70482 response to oxygen levels 23 out of 972 genes, 2.37% 326 out of 44951 genes, 0.73% 9.04E-07 3.45E-05
Biological Process 34097 response to cytokine stimulus 7 out of 972 genes, 0.72% 27 out of 44951 genes, 0.06% 1.32E-06 4.90E-05
Biological Process 9056 catabolic process 200 out of 972 genes, 20.58% 6744 out of 44951 genes, 15.00% 1.46E-06 5.36E-05
Biological Process 43062 extracellular structure organization 11 out of 972 genes, 1.13% 86 out of 44951 genes, 0.19% 2.55E-06 8.87E-05
Biological Process 45333 cellular respiration 29 out of 972 genes, 2.98% 510 out of 44951 genes, 1.13% 3.02E-06 1.02E-04
Biological Process 9611 response to wounding 52 out of 972 genes, 5.35% 1215 out of 44951 genes, 2.70% 3.24E-06 1.08E-04
Biological Process 42221 response to chemical stimulus 322 out of 972 genes, 33.13% 11984 out of 44951 genes, 26.66% 3.77E-06 1.25E-04
Biological Process 6091
generation of precursor metabolites and
energy
75 out of 972 genes, 7.72% 2044 out of 44951 genes, 4.55% 7.07E-06 2.11E-04
Biological Process 50794 regulation of cellular process 360 out of 972 genes, 37.04% 13730 out of 44951 genes, 30.54% 7.22E-06 2.11E-04
Biological Process 70727 cellular macromolecule localization 104 out of 972 genes, 10.70% 3115 out of 44951 genes, 6.93% 7.66E-06 2.19E-04
Biological Process 6524 alanine catabolic process 3 out of 972 genes, 0.31% 3 out of 44951 genes, 0.01% 1.01E-05 2.63E-04
Biological Process 51248
negative regulation of protein metabolic
process
12 out of 972 genes, 1.23% 118 out of 44951 genes, 0.26% 1.02E-05 2.64E-04
Biological Process 80021 response to benzoic acid stimulus 4 out of 972 genes, 0.41% 8 out of 44951 genes, 0.02% 1.42E-05 3.59E-04
Biological Process 90046 regulation of transcription regulator 7 out of 972 genes, 0.72% 39 out of 44951 genes, 0.09% 1.82E-05 4.44E-04
Biological Process 51098 regulation of binding 9 out of 972 genes, 0.93% 71 out of 44951 genes, 0.16% 2.24E-05 5.31E-04
Biological Process 2250 adaptive immune response 5 out of 972 genes, 0.51% 18 out of 44951 genes, 0.04% 3.17E-05 7.28E-04
Biological Process 19371 cyclooxygenase pathway 3 out of 972 genes, 0.31% 4 out of 44951 genes, 0.01% 3.97E-05 8.96E-04
Biological Process 51101 regulation of DNA binding 7 out of 972 genes, 0.72% 45 out of 44951 genes, 0.10% 4.80E-05 1.06E-03
Biological Process 10467 gene expression 128 out of 972 genes, 13.17% 4203 out of 44951 genes, 9.35% 5.09E-05 1.11E-03
Biological Process 44248 cellular catabolic process 150 out of 972 genes, 15.43% 5115 out of 44951 genes, 11.38% 6.92E-05 1.49E-03
Biological Process 10033 response to organic substance 231 out of 972 genes, 23.77% 8489 out of 44951 genes, 18.89% 7.67E-05 1.62E-03
Biological Process 6096 glycolysis 31 out of 972 genes, 3.19% 674 out of 44951 genes, 1.50% 8.57E-05 1.80E-03
Biological Process 2443 leukocyte mediated immunity 5 out of 972 genes, 0.51% 22 out of 44951 genes, 0.05% 9.07E-05 1.86E-03
Biological Process 51641 cellular localization 138 out of 972 genes, 14.20% 4662 out of 44951 genes, 10.37% 9.30E-05 1.86E-03
Biological Process 16070 RNA metabolic process 120 out of 972 genes, 12.35% 3947 out of 44951 genes, 8.78% 9.60E-05 1.86E-03




3 out of 972 genes, 0.31% 5 out of 44951 genes, 0.01% 9.76E-05 1.86E-03
Biological Process 10337
regulation of salicylic acid metabolic
process
7 out of 972 genes, 0.72% 51 out of 44951 genes, 0.11% 1.09E-04 2.07E-03
Biological Process 48518 positive regulation of biological process 105 out of 972 genes, 10.80% 3376 out of 44951 genes, 7.51% 1.17E-04 2.21E-03
Biological Process 65007 biological regulation 453 out of 972 genes, 46.60% 18340 out of 44951 genes, 40.80% 1.21E-04 2.27E-03
Biological Process 50896 response to stimulus 453 out of 972 genes, 46.60% 18372 out of 44951 genes, 40.87% 1.45E-04 2.66E-03
Biological Process 32434
regulation of proteasomal ubiquitin-
dependent protein catabolic process
5 out of 972 genes, 0.51% 25 out of 44951 genes, 0.06% 1.73E-04 3.09E-03
Biological Process 70542 response to fatty acid 4 out of 972 genes, 0.41% 14 out of 44951 genes, 0.03% 1.83E-04 3.24E-03
Biological Process 1869
negative regulation of complement
activation, lectin pathway
3 out of 972 genes, 0.31% 6 out of 44951 genes, 0.01% 1.92E-04 3.31E-03
Biological Process 10200 response to chitin 54 out of 972 genes, 5.56% 1511 out of 44951 genes, 3.36% 2.59E-04 4.36E-03
Biological Process 33036 macromolecule localization 122 out of 972 genes, 12.55% 4150 out of 44951 genes, 9.23% 3.24E-04 5.21E-03
Biological Process 2376 immune system process 89 out of 972 genes, 9.16% 2845 out of 44951 genes, 6.33% 3.28E-04 5.21E-03
Biological Process 46903 secretion 12 out of 972 genes, 1.23% 172 out of 44951 genes, 0.38% 3.93E-04 6.09E-03
Biological Process 43691 reverse cholesterol transport 2 out of 972 genes, 0.21% 2 out of 44951 genes, 0.00% 4.67E-04 6.99E-03
Biological Process 10561
negative regulation of glycoprotein
biosynthetic process
2 out of 972 genes, 0.21% 2 out of 44951 genes, 0.00% 4.67E-04 6.99E-03
Biological Process 15976 carbon utilization 13 out of 972 genes, 1.34% 201 out of 44951 genes, 0.45% 4.75E-04 7.03E-03
Biological Process 6101 citrate metabolic process 3 out of 972 genes, 0.31% 8 out of 44951 genes, 0.02% 5.20E-04 7.33E-03
Biological Process 32459 regulation of protein oligomerization 3 out of 972 genes, 0.31% 8 out of 44951 genes, 0.02% 5.20E-04 7.33E-03
Biological Process 9740 gibberellic acid mediated signaling 12 out of 972 genes, 1.23% 184 out of 44951 genes, 0.41% 7.18E-04 9.54E-03
Biological Process 9445 putrescine metabolic process 5 out of 972 genes, 0.51% 34 out of 44951 genes, 0.08% 7.74E-04 9.84E-03
Biological Process 5992 trehalose biosynthetic process 8 out of 972 genes, 0.82% 92 out of 44951 genes, 0.20% 8.73E-04 1.08E-02
Biological Process 70252 actin-mediated cell contraction 2 out of 972 genes, 0.21% 3 out of 44951 genes, 0.01% 1.38E-03 1.56E-02
Biological Process 30207 chondroitin sulfate catabolic process 2 out of 972 genes, 0.21% 3 out of 44951 genes, 0.01% 1.38E-03 1.56E-02
Biological Process 10559
regulation of glycoprotein biosynthetic
process
2 out of 972 genes, 0.21% 3 out of 44951 genes, 0.01% 1.38E-03 1.56E-02
Biological Process 10646 regulation of cell communication 28 out of 972 genes, 2.88% 697 out of 44951 genes, 1.55% 1.48E-03 1.66E-02
Biological Process 44085 cellular component biogenesis 125 out of 972 genes, 12.86% 4450 out of 44951 genes, 9.90% 1.51E-03 1.66E-02
Biological Process 16265 death 22 out of 972 genes, 2.26% 501 out of 44951 genes, 1.11% 1.55E-03 1.70E-02
Biological Process 71229 cellular response to acid 4 out of 972 genes, 0.41% 24 out of 44951 genes, 0.05% 1.64E-03 1.77E-02
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Categoty GO-ID Description DEG Frequency Genome frequency p-value Corrected p-value
Biological Process 80027 response to herbivore 6 out of 972 genes, 0.62% 60 out of 44951 genes, 0.13% 1.87E-03 1.98E-02
Biological Process 51365 cellular response to potassium ion 3 out of 972 genes, 0.31% 12 out of 44951 genes, 0.03% 1.92E-03 1.99E-02
Biological Process 51092
positive regulation of NF-kappaB
transcription factor activity
3 out of 972 genes, 0.31% 12 out of 44951 genes, 0.03% 1.92E-03 1.99E-02
Biological Process 71398 cellular response to fatty acid 3 out of 972 genes, 0.31% 13 out of 44951 genes, 0.03% 2.45E-03 2.45E-02
Biological Process 51246 regulation of protein metabolic process 41 out of 972 genes, 4.22% 1187 out of 44951 genes, 2.64% 2.52E-03 2.50E-02
Biological Process 30162 regulation of proteolysis 5 out of 972 genes, 0.51% 44 out of 44951 genes, 0.10% 2.53E-03 2.50E-02
Biological Process 70934 CRD-mediated mRNA stabilization 2 out of 972 genes, 0.21% 4 out of 44951 genes, 0.01% 2.72E-03 2.61E-02
Biological Process 8063 Toll signaling pathway 2 out of 972 genes, 0.21% 4 out of 44951 genes, 0.01% 2.72E-03 2.61E-02
Biological Process 42176 regulation of protein catabolic process 6 out of 972 genes, 0.62% 66 out of 44951 genes, 0.15% 3.04E-03 2.86E-02
Biological Process 46165 alcohol biosynthetic process 36 out of 972 genes, 3.70% 1019 out of 44951 genes, 2.27% 3.13E-03 2.90E-02
Biological Process 50821 protein stabilization 5 out of 972 genes, 0.51% 47 out of 44951 genes, 0.10% 3.39E-03 3.10E-02
Biological Process 6950 response to stress 288 out of 972 genes, 29.63% 11590 out of 44951 genes, 25.78% 3.47E-03 3.15E-02
Biological Process 10035 response to inorganic substance 86 out of 972 genes, 8.85% 2961 out of 44951 genes, 6.59% 3.48E-03 3.15E-02
Biological Process 31647 regulation of protein stability 5 out of 972 genes, 0.51% 48 out of 44951 genes, 0.11% 3.71E-03 3.33E-02
Biological Process 90047
positive regulation of transcription
regulator activity
3 out of 972 genes, 0.31% 16 out of 44951 genes, 0.04% 4.57E-03 3.81E-02
Biological Process 8285 negative regulation of cell proliferation 6 out of 972 genes, 0.62% 74 out of 44951 genes, 0.16% 5.36E-03 4.36E-02
Biological Process 43588 skin development 3 out of 972 genes, 0.31% 17 out of 44951 genes, 0.04% 5.46E-03 4.37E-02
Biological Process 42126 nitrate metabolic process 3 out of 972 genes, 0.31% 17 out of 44951 genes, 0.04% 5.46E-03 4.37E-02
Biological Process 61077 chaperone-mediated protein folding 4 out of 972 genes, 0.41% 34 out of 44951 genes, 0.08% 6.02E-03 4.75E-02
Biological Process 1101 response to acid 4 out of 972 genes, 0.41% 34 out of 44951 genes, 0.08% 6.02E-03 4.75E-02
Molecular Function 5198 structural molecule activity 85 out of 866 genes, 9.82% 1493 out of 40938 genes, 3.65% 1.95E-16 1.34E-13
Molecular Function 3735 structural constituent of ribosome 68 out of 866 genes, 7.85% 1122 out of 40938 genes, 2.74% 1.25E-14 4.29E-12
Molecular Function 4819 glutamine-tRNA ligase activity 5 out of 866 genes, 0.58% 5 out of 40938 genes, 0.01% 4.19E-09 9.55E-07
Molecular Function 16829 lyase activity 48 out of 866 genes, 5.54% 913 out of 40938 genes, 2.23% 1.10E-08 1.87E-06
Molecular Function 8307 structural constituent of muscle 6 out of 866 genes, 0.69% 11 out of 40938 genes, 0.03% 3.72E-08 5.08E-06
Molecular Function 19838 growth factor binding 7 out of 866 genes, 0.81% 27 out of 40938 genes, 0.07% 1.14E-06 1.29E-04
Molecular Function 16830 carbon-carbon lyase activity 18 out of 866 genes, 2.08% 244 out of 40938 genes, 0.60% 5.40E-06 5.27E-04
Molecular Function 16661
oxidoreductase activity, acting on other
nitrogenous compounds as donors
5 out of 866 genes, 0.58% 15 out of 40938 genes, 0.04% 1.05E-05 9.01E-04
Molecular Function 3723 RNA binding 62 out of 866 genes, 7.16% 1668 out of 40938 genes, 4.07% 1.54E-05 1.17E-03
Molecular Function 5515 protein binding 252 out of 866 genes, 29.10% 9451 out of 40938 genes, 23.09% 2.06E-05 1.41E-03
Molecular Function 46857
oxidoreductase activity, acting on other
nitrogenous compounds as donors, with
NAD or NADP as acceptor




3 out of 866 genes, 0.35% 4 out of 40938 genes, 0.01% 3.71E-05 1.99E-03
Molecular Function 4737 pyruvate decarboxylase activity 4 out of 866 genes, 0.46% 10 out of 40938 genes, 0.02% 3.77E-05 1.99E-03
Molecular Function 30528 transcription regulator activity 132 out of 866 genes, 15.24% 4486 out of 40938 genes, 10.96% 5.99E-05 2.93E-03
Molecular Function 20037 heme binding 27 out of 866 genes, 3.12% 557 out of 40938 genes, 1.36% 7.08E-05 3.13E-03
Molecular Function 30151 molybdenum ion binding 5 out of 866 genes, 0.58% 22 out of 40938 genes, 0.05% 8.18E-05 3.13E-03
Molecular Function 19966 interleukin-1 binding 3 out of 866 genes, 0.35% 5 out of 40938 genes, 0.01% 9.14E-05 3.13E-03
Molecular Function 43120 tumor necrosis factor binding 3 out of 866 genes, 0.35% 5 out of 40938 genes, 0.01% 9.14E-05 3.13E-03
Molecular Function 4459 L-lactate dehydrogenase activity 3 out of 866 genes, 0.35% 6 out of 40938 genes, 0.01% 1.80E-04 5.41E-03
Molecular Function 3779 actin binding 16 out of 866 genes, 1.85% 264 out of 40938 genes, 0.64% 1.82E-04 5.41E-03
Molecular Function 16705
oxidoreductase activity, acting on
paired donors, with incorporation or
reduction of molecular oxygen
29 out of 866 genes, 3.35% 670 out of 40938 genes, 1.64% 2.69E-04 7.36E-03
Molecular Function 19843 rRNA binding 12 out of 866 genes, 1.39% 171 out of 40938 genes, 0.42% 3.06E-04 7.62E-03
Molecular Function 4805 trehalose-phosphatase activity 8 out of 866 genes, 0.92% 81 out of 40938 genes, 0.20% 3.20E-04 7.62E-03
Molecular Function 19203 carbohydrate phosphatase activity 9 out of 866 genes, 1.04% 102 out of 40938 genes, 0.25% 3.23E-04 7.62E-03
Molecular Function 46906 tetrapyrrole binding 27 out of 866 genes, 3.12% 618 out of 40938 genes, 1.51% 3.74E-04 8.49E-03
Molecular Function 5201 extracellular matrix structural 5 out of 866 genes, 0.58% 30 out of 40938 genes, 0.07% 3.85E-04 8.49E-03




5 out of 866 genes, 0.58% 31 out of 40938 genes, 0.08% 4.51E-04 9.02E-03
Molecular Function 9055 electron carrier activity 28 out of 866 genes, 3.23% 660 out of 40938 genes, 1.61% 4.66E-04 9.02E-03
Molecular Function 43546 molybdopterin cofactor binding 3 out of 866 genes, 0.35% 8 out of 40938 genes, 0.02% 4.88E-04 9.02E-03
Molecular Function 9703 nitrate reductase (NADH) activity 3 out of 866 genes, 0.35% 8 out of 40938 genes, 0.02% 4.88E-04 9.02E-03
Molecular Function 4451 isocitrate lyase activity 3 out of 866 genes, 0.35% 9 out of 40938 genes, 0.02% 7.20E-04 1.23E-02
Molecular Function 50840 extracellular matrix binding 3 out of 866 genes, 0.35% 9 out of 40938 genes, 0.02% 7.20E-04 1.23E-02
Molecular Function 3994 aconitate hydratase activity 3 out of 866 genes, 0.35% 9 out of 40938 genes, 0.02% 7.20E-04 1.23E-02
Molecular Function 46332 SMAD binding 3 out of 866 genes, 0.35% 10 out of 40938 genes, 0.02% 1.01E-03 1.69E-02
Molecular Function 5488 binding 613 out of 866 genes, 70.79% 26979 out of 40938 genes, 65.90% 1.10E-03 1.80E-02
Molecular Function 33550 MAP kinase tyrosine phosphatase 2 out of 866 genes, 0.23% 3 out of 40938 genes, 0.01% 1.32E-03 2.00E-02
Molecular Function 90353 polygalacturonase inhibitor activity 3 out of 866 genes, 0.35% 11 out of 40938 genes, 0.03% 1.37E-03 2.00E-02
Molecular Function 4457 lactate dehydrogenase activity 3 out of 866 genes, 0.35% 11 out of 40938 genes, 0.03% 1.37E-03 2.00E-02




3 out of 866 genes, 0.35% 11 out of 40938 genes, 0.03% 1.37E-03 2.00E-02
Molecular Function 3676 nucleic acid binding 225 out of 866 genes, 25.98% 8886 out of 40938 genes, 21.71% 1.41E-03 2.01E-02
Molecular Function 16832 aldehyde-lyase activity 5 out of 866 genes, 0.58% 40 out of 40938 genes, 0.10% 1.49E-03 2.04E-02
Molecular Function 30955 potassium ion binding 5 out of 866 genes, 0.58% 40 out of 40938 genes, 0.10% 1.49E-03 2.04E-02
Molecular Function 19825 oxygen binding 16 out of 866 genes, 1.85% 324 out of 40938 genes, 0.79% 1.65E-03 2.16E-02
Molecular Function 31420 alkali metal ion binding 5 out of 866 genes, 0.58% 41 out of 40938 genes, 0.10% 1.67E-03 2.16E-02
Molecular Function 4743 pyruvate kinase activity 5 out of 866 genes, 0.58% 41 out of 40938 genes, 0.10% 1.67E-03 2.16E-02
Molecular Function 8092 cytoskeletal protein binding 23 out of 866 genes, 2.66% 554 out of 40938 genes, 1.35% 1.90E-03 2.36E-02
Molecular Function 16491 oxidoreductase activity 94 out of 866 genes, 10.85% 3300 out of 40938 genes, 8.06% 2.04E-03 2.49E-02
Molecular Function 5506 iron ion binding 30 out of 866 genes, 3.46% 805 out of 40938 genes, 1.97% 2.27E-03 2.72E-02
Molecular Function 8398 sterol 14-demethylase activity 2 out of 866 genes, 0.23% 4 out of 40938 genes, 0.01% 2.61E-03 2.97E-02
Molecular Function 51787 misfolded protein binding 2 out of 866 genes, 0.23% 5 out of 40938 genes, 0.01% 4.28E-03 4.60E-02
Molecular Function 5518 collagen binding 3 out of 866 genes, 0.35% 16 out of 40938 genes, 0.04% 4.30E-03 4.60E-02




4 out of 866 genes, 0.46% 32 out of 40938 genes, 0.08% 4.47E-03 4.70E-02
Cellular Component 44445 cytosolic part 62 out of 944 genes, 6.57% 739 out of 45082 genes, 1.64% 3.07E-20 1.24E-17
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Categoty GO-ID Description DEG Frequency Genome frequency p-value Corrected p-value
Cellular Component 22625 cytosolic large ribosomal subunit 37 out of 944 genes, 3.92% 330 out of 45082 genes, 0.73% 1.53E-16 2.06E-14
Cellular Component 15934 large ribosomal subunit 39 out of 944 genes, 4.13% 390 out of 45082 genes, 0.87% 1.12E-15 1.13E-13
Cellular Component 44421 extracellular region part 29 out of 944 genes, 3.07% 253 out of 45082 genes, 0.56% 1.64E-13 1.10E-11
Cellular Component 5840 ribosome 81 out of 944 genes, 8.58% 1726 out of 45082 genes, 3.83% 1.71E-11 9.87E-10
Cellular Component 16460 myosin II complex 7 out of 944 genes, 0.74% 10 out of 45082 genes, 0.02% 1.96E-10 9.91E-09
Cellular Component 70062 extracellular vesicular exosome 12 out of 944 genes, 1.27% 48 out of 45082 genes, 0.11% 2.31E-10 1.04E-08
Cellular Component 43230 extracellular organelle 12 out of 944 genes, 1.27% 49 out of 45082 genes, 0.11% 3.00E-10 1.10E-08
Cellular Component 43228 non-membrane-bounded organelle 150 out of 944 genes, 15.89% 4361 out of 45082 genes, 9.67% 9.25E-10 2.87E-08
Cellular Component 5829 cytosol 171 out of 944 genes, 18.11% 5234 out of 45082 genes, 11.61% 2.24E-09 5.03E-08
Cellular Component 32432 actin filament bundle 8 out of 944 genes, 0.85% 20 out of 45082 genes, 0.04% 3.62E-09 7.69E-08
Cellular Component 30529 ribonucleoprotein complex 91 out of 944 genes, 9.64% 2299 out of 45082 genes, 5.10% 5.58E-09 1.13E-07
Cellular Component 44449 contractile fiber part 10 out of 944 genes, 1.06% 40 out of 45082 genes, 0.09% 7.42E-09 1.36E-07
Cellular Component 5615 extracellular space 17 out of 944 genes, 1.80% 154 out of 45082 genes, 0.34% 2.95E-08 5.18E-07
Cellular Component 31012 extracellular matrix 15 out of 944 genes, 1.59% 122 out of 45082 genes, 0.27% 4.49E-08 7.56E-07




6 out of 944 genes, 0.64% 20 out of 45082 genes, 0.04% 2.50E-06 3.06E-05
Cellular Component 31983 vesicle lumen 6 out of 944 genes, 0.64% 20 out of 45082 genes, 0.04% 2.50E-06 3.06E-05
Cellular Component 31982 vesicle 30 out of 944 genes, 3.18% 602 out of 45082 genes, 1.34% 1.44E-05 1.62E-04
Cellular Component 44446 intracellular organelle part 346 out of 944 genes, 36.65% 13724 out of 45082 genes, 30.44% 2.15E-05 2.29E-04
Cellular Component 44422 organelle part 346 out of 944 genes, 36.65% 13757 out of 45082 genes, 30.52% 2.67E-05 2.69E-04
Cellular Component 5882 intermediate filament 5 out of 944 genes, 0.53% 18 out of 45082 genes, 0.04% 2.72E-05 2.69E-04
Cellular Component 31974 membrane-enclosed lumen 171 out of 944 genes, 18.11% 6066 out of 45082 genes, 13.46% 2.80E-05 2.69E-04
Cellular Component 43233 organelle lumen 170 out of 944 genes, 18.01% 6042 out of 45082 genes, 13.40% 3.29E-05 3.09E-04
Cellular Component 9325 nitrate reductase complex 4 out of 944 genes, 0.42% 11 out of 45082 genes, 0.02% 5.61E-05 5.03E-04
Cellular Component 15629 actin cytoskeleton 14 out of 944 genes, 1.48% 192 out of 45082 genes, 0.43% 5.95E-05 5.23E-04
Cellular Component 48770 pigment granule 8 out of 944 genes, 0.85% 65 out of 45082 genes, 0.14% 6.31E-05 5.31E-04
Cellular Component 45111 intermediate filament cytoskeleton 5 out of 944 genes, 0.53% 23 out of 45082 genes, 0.05% 9.79E-05 7.76E-04
Cellular Component 5856 cytoskeleton 42 out of 944 genes, 4.45% 1111 out of 45082 genes, 2.46% 2.09E-04 1.63E-03
Cellular Component 5576 extracellular region 96 out of 944 genes, 10.17% 3280 out of 45082 genes, 7.28% 5.96E-04 4.02E-03
Cellular Component 5844 polysome 4 out of 944 genes, 0.42% 21 out of 45082 genes, 0.05% 8.60E-04 5.61E-03
Cellular Component 42995 cell projection 11 out of 944 genes, 1.17% 169 out of 45082 genes, 0.37% 9.26E-04 5.94E-03
Cellular Component 70288 ferritin complex 2 out of 944 genes, 0.21% 3 out of 45082 genes, 0.01% 1.30E-03 7.91E-03
Cellular Component 8043 intracellular ferritin complex 2 out of 944 genes, 0.21% 3 out of 45082 genes, 0.01% 1.30E-03 7.91E-03
Cellular Component 30666 endocytic vesicle membrane 3 out of 944 genes, 0.32% 11 out of 45082 genes, 0.02% 1.33E-03 7.91E-03
Cellular Component 48471 perinuclear region of cytoplasm 8 out of 944 genes, 0.85% 107 out of 45082 genes, 0.24% 1.89E-03 1.11E-02
Cellular Component 43234 protein complex 220 out of 944 genes, 23.31% 8805 out of 45082 genes, 19.53% 2.12E-03 1.23E-02
Cellular Component 42788 polysomal ribosome 2 out of 944 genes, 0.21% 4 out of 45082 genes, 0.01% 2.56E-03 1.40E-02
Cellular Component 70937 CRD-mediated mRNA stability 2 out of 944 genes, 0.21% 4 out of 45082 genes, 0.01% 2.56E-03 1.40E-02
Cellular Component 34366 spherical high-density lipoprotein 2 out of 944 genes, 0.21% 4 out of 45082 genes, 0.01% 2.56E-03 1.40E-02
Cellular Component 5622 intracellular 806 out of 944 genes, 85.38% 36953 out of 45082 genes, 81.97% 2.76E-03 1.49E-02
Cellular Component 19814 immunoglobulin complex 3 out of 944 genes, 0.32% 14 out of 45082 genes, 0.03% 2.80E-03 1.49E-02
Cellular Component 10008 endosome membrane 9 out of 944 genes, 0.95% 141 out of 45082 genes, 0.31% 2.99E-03 1.53E-02
Cellular Component 5583 fibrillar collagen 3 out of 944 genes, 0.32% 15 out of 45082 genes, 0.03% 3.45E-03 1.72E-02
Cellular Component 5634 nucleus 359 out of 944 genes, 38.03% 15261 out of 45082 genes, 33.85% 3.61E-03 1.78E-02
Cellular Component 44428 nuclear part 162 out of 944 genes, 17.16% 6332 out of 45082 genes, 14.05% 3.76E-03 1.83E-02
Cellular Component 5811 lipid particle 4 out of 944 genes, 0.42% 31 out of 45082 genes, 0.07% 3.83E-03 1.84E-02
Cellular Component 44424 intracellular part 787 out of 944 genes, 83.37% 36072 out of 45082 genes, 80.01% 4.51E-03 2.14E-02
Cellular Component 8305 integrin complex 3 out of 944 genes, 0.32% 19 out of 45082 genes, 0.04% 6.90E-03 3.21E-02
Cellular Component 1726 ruffle 3 out of 944 genes, 0.32% 19 out of 45082 genes, 0.04% 6.90E-03 3.21E-02
Cellular Component 5589 collagen type VI 2 out of 944 genes, 0.21% 7 out of 45082 genes, 0.02% 8.58E-03 3.65E-02
Cellular Component 32994 protein-lipid complex 2 out of 944 genes, 0.21% 7 out of 45082 genes, 0.02% 8.58E-03 3.65E-02
Cellular Component 30934 anchoring collagen 2 out of 944 genes, 0.21% 7 out of 45082 genes, 0.02% 8.58E-03 3.65E-02
Cellular Component 5796 Golgi lumen 2 out of 944 genes, 0.21% 7 out of 45082 genes, 0.02% 8.58E-03 3.65E-02
Cellular Component 43235 receptor complex 3 out of 944 genes, 0.32% 21 out of 45082 genes, 0.05% 9.19E-03 3.83E-02
Cellular Component 5853
eukaryotic translation elongation factor
1 complex
3 out of 944 genes, 0.32% 21 out of 45082 genes, 0.05% 9.19E-03 3.83E-02
Cellular Component 5788 endoplasmic reticulum lumen 5 out of 944 genes, 0.53% 62 out of 45082 genes, 0.14% 9.64E-03 3.98E-02
Cellular Component 31252 cell leading edge 4 out of 944 genes, 0.42% 42 out of 45082 genes, 0.09% 1.14E-02 4.60E-02
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Categoty GO-ID Description DEG Frequency Genome frequency p-value Corrected p-value
Biological Process 6811 ion transport 70 out of 696 genes, 10.057% 2798 out of 44951 genes, 6.225% 5.88E-05 2.95E-02
Biological Process 10439
regulation of glucosinolate biosynthetic
process
7 out of 696 genes, 1.006% 68 out of 44951 genes, 0.151% 8.85E-05 2.95E-02
Biological Process 6829 zinc ion transport 5 out of 696 genes, 0.718% 32 out of 44951 genes, 0.071% 1.25E-04 2.95E-02
Biological Process 51343
positive regulation of cyclic-nucleotide
phosphodiesterase activity




2 out of 696 genes, 0.287% 2 out of 44951 genes, 0.004% 2.39E-04 2.95E-02
Biological Process 5980 glycogen catabolic process 2 out of 696 genes, 0.287% 2 out of 44951 genes, 0.004% 2.39E-04 2.95E-02
Biological Process 32414
positive regulation of ion transmembrane
transporter activity
2 out of 696 genes, 0.287% 2 out of 44951 genes, 0.004% 2.39E-04 2.95E-02
Biological Process 8643 carbohydrate transport 15 out of 696 genes, 2.155% 347 out of 44951 genes, 0.772% 3.90E-04 4.47E-02
Biological Process 19439 aromatic compound catabolic process 14 out of 696 genes, 2.011% 317 out of 44951 genes, 0.705% 4.88E-04 4.84E-02
Biological Process 6949 syncytium formation 5 out of 696 genes, 0.718% 45 out of 44951 genes, 0.100% 6.42E-04 4.84E-02
Biological Process 32768 regulation of monooxygenase activity 2 out of 696 genes, 0.287% 3 out of 44951 genes, 0.007% 7.11E-04 4.84E-02




68 out of 647 genes, 10.51% 2379 out of 40938 genes, 5.81% 1.97E-06 1.29E-03
Molecular Function 22892 substrate-specific transporter activity 73 out of 647 genes, 11.28% 2687 out of 40938 genes, 6.56% 4.90E-06 1.58E-03
Molecular Function 8324 cation transmembrane transporter activity 41 out of 647 genes, 6.34% 1227 out of 40938 genes, 3.00% 7.26E-06 1.58E-03
Molecular Function 15075 ion transmembrane transporter activity 51 out of 647 genes, 7.88% 1721 out of 40938 genes, 4.20% 1.57E-05 2.56E-03
Molecular Function 22857 transmembrane transporter activity 73 out of 647 genes, 11.28% 2848 out of 40938 genes, 6.96% 3.41E-05 4.29E-03
Molecular Function 47209 coniferyl-alcohol glucosyltransferase 4 out of 647 genes, 0.62% 13 out of 40938 genes, 0.03% 3.95E-05 4.29E-03
Molecular Function 5215 transporter activity 86 out of 647 genes, 13.29% 3565 out of 40938 genes, 8.71% 5.78E-05 5.39E-03
Molecular Function 5385 zinc ion transmembrane transporter 5 out of 647 genes, 0.77% 29 out of 40938 genes, 0.07% 8.42E-05 6.87E-03
Molecular Function 15293 symporter activity 14 out of 647 genes, 2.16% 285 out of 40938 genes, 0.70% 2.04E-04 1.33E-02
Molecular Function 31432 titin binding 2 out of 647 genes, 0.31% 2 out of 40938 genes, 0.00% 2.49E-04 1.33E-02
Molecular Function 43274 phospholipase binding 2 out of 647 genes, 0.31% 2 out of 40938 genes, 0.00% 2.49E-04 1.33E-02




15 out of 647 genes, 2.32% 328 out of 40938 genes, 0.80% 2.66E-04 1.33E-02
Molecular Function 15294 solute:cation symporter activity 13 out of 647 genes, 2.01% 280 out of 40938 genes, 0.68% 5.79E-04 2.70E-02
Molecular Function 51119 sugar transmembrane transporter activity 12 out of 647 genes, 1.85% 252 out of 40938 genes, 0.62% 7.47E-04 3.25E-02
137
Appendix Table 13. Over-represented KEGG orthology in up-regulated DEGs in the leaves at 1 h
Description DEG Frequency Genome frequency p-value corr p-value
Plant hormone signal transduction 98 out of 733, 13.37% 1038 out of 27704, 3.75% 3.48E-28 5.11E-26
Environmental Information Processing 159 out of 733, 21.69% 2806 out of 27704, 10.13% 7.61E-21 5.59E-19
Signal transduction 118 out of 733, 16.10% 1777 out of 27704, 6.41% 1.35E-20 6.59E-19
Transcription factors 71 out of 733, 9.69% 1104 out of 27704, 3.98% 5.59E-12 2.05E-10
Plant-pathogen interaction 39 out of 733, 5.32% 496 out of 27704, 1.79% 1.82E-09 5.35E-08
alpha-Linolenic acid metabolism 10 out of 733, 1.36% 34 out of 27704, 0.12% 1.17E-08 2.86E-07
Environmental adaptation 43 out of 733, 5.87% 627 out of 27704, 2.26% 1.61E-08 3.37E-07
Linoleic acid metabolism 9 out of 733, 1.23% 37 out of 27704, 0.13% 3.88E-07 7.12E-06
Lipid metabolism 60 out of 733, 8.19% 1199 out of 27704, 4.33% 1.95E-06 3.18E-05
Carotenoid biosynthesis 14 out of 733, 1.91% 141 out of 27704, 0.51% 2.38E-05 3.50E-04
Organismal System 48 out of 733, 6.55% 1031 out of 27704, 3.72% 1.23E-04 1.64E-03
Transcription 98 out of 733, 13.37% 2584 out of 27704, 9.33% 1.80E-04 2.21E-03
Transporters 24 out of 733, 3.27% 424 out of 27704, 1.53% 4.45E-04 5.04E-03
G protein-coupled receptors 7 out of 733, 0.95% 55 out of 27704, 0.20% 5.94E-04 6.23E-03
Flavonoid biosynthesis 5 out of 733, 0.68% 32 out of 27704, 0.12% 1.42E-03 1.40E-02
Cutin, suberine and wax biosynthesis 7 out of 733, 0.95% 76 out of 27704, 0.27% 3.97E-03 3.55E-02
Amino sugar and nucleotide sugar 12 out of 733, 1.64% 186 out of 27704, 0.67% 4.11E-03 3.55E-02
Biosynthesis of other secondary metabolites 14 out of 733, 1.91% 247 out of 27704, 0.89% 6.40E-03 5.23E-02
Glycine, serine and threonine metabolism 8 out of 733, 1.09% 109 out of 27704, 0.39% 8.46E-03 6.35E-02
Glycerophospholipid metabolism 14 out of 733, 1.91% 256 out of 27704, 0.92% 8.65E-03 6.35E-02
Amino acid metabolism 47 out of 733, 6.41% 1241 out of 27704, 4.48% 9.11E-03 6.38E-02
Metabolism of terpenoids and polyketides 28 out of 733, 3.82% 659 out of 27704, 2.38% 1.01E-02 6.75E-02
Membrane transport 25 out of 733, 3.41% 579 out of 27704, 2.09% 1.21E-02 7.73E-02
Nitrogen metabolism 8 out of 733, 1.09% 117 out of 27704, 0.42% 1.27E-02 7.76E-02
SNARE interactions in vesicular transport 11 out of 733, 1.50% 192 out of 27704, 0.69% 1.36E-02 8.01E-02
Ascorbate and aldarate metabolism 6 out of 733, 0.82% 80 out of 27704, 0.29% 1.94E-02 1.09E-01
Fatty acid metabolism 8 out of 733, 1.09% 131 out of 27704, 0.47% 2.34E-02 1.27E-01
Metabolism 347 out of 733, 47.34% 12132 out of 27704, 43.79% 2.74E-02 1.44E-01
Pyrimidine metabolism 9 out of 733, 1.23% 172 out of 27704, 0.62% 3.99E-02 2.02E-01
Calcium signaling pathway 7 out of 733, 0.95% 125 out of 27704, 0.45% 4.87E-02 2.38E-01
Phenylalanine, tyrosine and tryptophan 7 out of 733, 0.95% 130 out of 27704, 0.47% 5.78E-02 2.74E-01
Notch signaling pathway 3 out of 733, 0.41% 37 out of 27704, 0.13% 7.39E-02 3.39E-01
Phenylalanine metabolism 10 out of 733, 1.36% 230 out of 27704, 0.83% 8.63E-02 3.80E-01
GABAergic synapse 2 out of 733, 0.27% 19 out of 27704, 0.07% 8.89E-02 3.80E-01
Tropane, piperidine and pyridine alkaloid
biosynthesis
5 out of 733, 0.68% 90 out of 27704, 0.32% 9.05E-02 3.80E-01
beta-Alanine metabolism 1 out of 733, 0.14% 4 out of 27704, 0.01% 1.02E-01 4.05E-01
Arginine and proline metabolism 7 out of 733, 0.95% 151 out of 27704, 0.55% 1.07E-01 4.05E-01
Sesquiterpenoid and triterpenoid biosynthesis 4 out of 733, 0.55% 69 out of 27704, 0.25% 1.10E-01 4.05E-01
Methane metabolism 4 out of 733, 0.55% 69 out of 27704, 0.25% 1.10E-01 4.05E-01
Alanine, aspartate and glutamate metabolism 3 out of 733, 0.41% 44 out of 27704, 0.16% 1.10E-01 4.05E-01
Monoterpenoid biosynthesis 2 out of 733, 0.27% 23 out of 27704, 0.08% 1.23E-01 4.41E-01
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Appendix Table 14. Over-represented KEGG orthology in down-regulated DEGs in the leaves at 1 h
Description DEG Frequency Genome frequency p-value corr p-value
PI3K-Akt signaling pathway 10 out of 295, 3.39% 99 out of 27704, 0.36% 1.09E-07 1.44E-05
Signal transduction 32 out of 295, 10.85% 1777 out of 27704, 6.41% 2.61E-03 1.08E-01
NF-kappa B signaling pathway 3 out of 295, 1.02% 29 out of 27704, 0.10% 3.56E-03 1.08E-01
Oxidative phosphorylation 17 out of 295, 5.76% 765 out of 27704, 2.76% 3.68E-03 1.08E-01
Butanoate metabolism 4 out of 295, 1.36% 61 out of 27704, 0.22% 4.08E-03 1.08E-01
Regulation of actin cytoskeleton 5 out of 295, 1.69% 107 out of 27704, 0.39% 5.82E-03 1.28E-01
Cyanoamino acid metabolism 2 out of 295, 0.68% 12 out of 27704, 0.04% 6.95E-03 1.31E-01
Energy metabolism 24 out of 295, 8.14% 1338 out of 27704, 4.83% 9.18E-03 1.51E-01
Monoterpenoid biosynthesis 2 out of 295, 0.68% 23 out of 27704, 0.08% 2.47E-02 3.62E-01
Taurine and hypotaurine metabolism 2 out of 295, 0.68% 26 out of 27704, 0.09% 3.10E-02 4.10E-01
Pyrimidine metabolism 5 out of 295, 1.69% 172 out of 27704, 0.62% 3.74E-02 4.43E-01
Ubiquitin mediated proteolysis 9 out of 295, 3.05% 427 out of 27704, 1.54% 4.03E-02 4.43E-01
Cell motility 6 out of 295, 2.03% 241 out of 27704, 0.87% 4.49E-02 4.49E-01
Cutin, suberine and wax biosynthesis 3 out of 295, 1.02% 76 out of 27704, 0.27% 4.76E-02 4.49E-01
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Appendix Table 15. Over-represented KEGG orthology in up-regulated DEGs in the leaves at 12 h
Description DEG Frequency Genome frequency p-value corr p-value
Galactose metabolism 7 out of 318, 2.20% 122 out of 27704, 0.44% 5.34E-04 7.05E-02
Spliceosome 21 out of 318, 6.60% 984 out of 27704, 3.55% 5.08E-03 2.07E-01
Transcription 44 out of 318, 13.84% 2584 out of 27704, 9.33% 5.35E-03 2.07E-01
Lysine degradation 2 out of 318, 0.63% 11 out of 27704, 0.04% 6.75E-03 2.07E-01
Tyrosine metabolism 3 out of 318, 0.94% 37 out of 27704, 0.13% 8.72E-03 2.07E-01
mTOR signaling pathway 3 out of 318, 0.94% 38 out of 27704, 0.14% 9.39E-03 2.07E-01
Signal transduction 31 out of 318, 9.75% 1777 out of 27704, 6.41% 1.36E-02 2.57E-01
Metabolism of cofactors and vitamins 13 out of 318, 4.09% 604 out of 27704, 2.18% 2.32E-02 3.15E-01
SNARE interactions in vesicular 6 out of 318, 1.89% 192 out of 27704, 0.69% 2.39E-02 3.15E-01
Vitamin B6 metabolism 2 out of 318, 0.63% 21 out of 27704, 0.08% 2.39E-02 3.15E-01
PI3K-Akt signaling pathway 4 out of 318, 1.26% 99 out of 27704, 0.36% 2.74E-02 3.29E-01
Zeatin biosynthesis 3 out of 318, 0.94% 69 out of 27704, 0.25% 4.51E-02 4.03E-01
Pyrimidine metabolism 5 out of 318, 1.57% 172 out of 27704, 0.62% 4.88E-02 4.03E-01
Amino acid metabolism 21 out of 318, 6.60% 1241 out of 27704, 4.48% 5.01E-02 4.03E-01
Retinol metabolism 1 out of 318, 0.31% 5 out of 27704, 0.02% 5.61E-02 4.03E-01
Calcium signaling pathway 4 out of 318, 1.26% 125 out of 27704, 0.45% 5.63E-02 4.03E-01
Environmental adaptation 12 out of 318, 3.77% 627 out of 27704, 2.26% 5.95E-02 4.03E-01
Valine, leucine and isoleucine 3 out of 318, 0.94% 79 out of 27704, 0.29% 6.27E-02 4.03E-01
Phenylalanine, tyrosine and tryptophan
biosynthesis
4 out of 318, 1.26% 130 out of 27704, 0.47% 6.31E-02 4.03E-01
Riboflavin metabolism 2 out of 318, 0.63% 36 out of 27704, 0.13% 6.41E-02 4.03E-01
Environmental Information Processing 41 out of 318, 12.89% 2806 out of 27704, 10.13% 6.42E-02 4.03E-01
Replication and repair 19 out of 318, 5.97% 1156 out of 27704, 4.17% 7.55E-02 4.53E-01
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Appendix Table 16. Over-represented KEGG orthology in down-regulated DEGs in the leaves at 12 h
Description DEG Frequency Genome frequency p-value corr p-value
Metabolism 182 out of 314, 57.96% 12132 out of 27704, 43.79% 2.74E-07 3.70E-05
Methane metabolism 5 out of 314, 1.59% 69 out of 27704, 0.25% 1.13E-03 7.60E-02
Cutin, suberine and wax biosynthesis 5 out of 314, 1.59% 76 out of 27704, 0.27% 1.74E-03 7.81E-02
Energy metabolism 27 out of 314, 8.60% 1338 out of 27704, 4.83% 2.85E-03 9.63E-02
Environmental adaptation 15 out of 314, 4.78% 627 out of 27704, 2.26% 5.63E-03 1.52E-01
Cyanoamino acid metabolism 2 out of 314, 0.64% 12 out of 27704, 0.04% 7.84E-03 1.63E-01
Glyoxylate and dicarboxylate metabolism 7 out of 314, 2.23% 202 out of 27704, 0.73% 8.46E-03 1.63E-01
Plant-pathogen interaction 12 out of 314, 3.82% 496 out of 27704, 1.79% 1.16E-02 1.96E-01
Amino acid metabolism 23 out of 314, 7.32% 1241 out of 27704, 4.48% 1.48E-02 2.22E-01
Proximal tubule bicarbonate reclamation 1 out of 314, 0.32% 2 out of 27704, 0.01% 2.25E-02 2.83E-01
Biosynthesis of other secondary metabolites 7 out of 314, 2.23% 247 out of 27704, 0.89% 2.31E-02 2.83E-01
Tryptophan metabolism 3 out of 314, 0.96% 58 out of 27704, 0.21% 2.81E-02 3.17E-01
Metabolism of other amino acids 5 out of 314, 1.59% 155 out of 27704, 0.56% 3.21E-02 3.33E-01
Taurine and hypotaurine metabolism 2 out of 314, 0.64% 26 out of 27704, 0.09% 3.48E-02 3.36E-01
Other glycan degradation 2 out of 314, 0.64% 30 out of 27704, 0.11% 4.52E-02 3.82E-01
Organismal System 18 out of 314, 5.73% 1031 out of 27704, 3.72% 4.74E-02 3.82E-01
Circadian rhythm 1 out of 314, 0.32% 5 out of 27704, 0.02% 5.54E-02 3.82E-01
Peptidoglycan biosynthesis 1 out of 314, 0.32% 5 out of 27704, 0.02% 5.54E-02 3.82E-01
Lipid metabolism 20 out of 314, 6.37% 1199 out of 27704, 4.33% 5.58E-02 3.82E-01
alpha-Linolenic acid metabolism 2 out of 314, 0.64% 34 out of 27704, 0.12% 5.66E-02 3.82E-01
Valine, leucine and isoleucine degradation 3 out of 314, 0.96% 79 out of 27704, 0.29% 6.08E-02 3.91E-01
Sulfur metabolism 4 out of 314, 1.27% 133 out of 27704, 0.48% 6.50E-02 3.94E-01
Membrane transport 11 out of 314, 3.50% 579 out of 27704, 2.09% 6.72E-02 3.94E-01
Anthocyanin biosynthesis 1 out of 314, 0.32% 7 out of 27704, 0.03% 7.67E-02 4.13E-01
Pentose and glucuronate interconversions 4 out of 314, 1.27% 141 out of 27704, 0.51% 7.70E-02 4.13E-01
Chaperones and folding catalysts 4 out of 314, 1.27% 144 out of 27704, 0.52% 8.17E-02 4.13E-01
Tropane, piperidine and pyridine alkaloid
biosynthesis
3 out of 314, 0.96% 90 out of 27704, 0.32% 8.27E-02 4.13E-01
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Appendix Table 17. Over-represented KEGG orthology in up-regulated DEGs in the roots at 1 h
Description DEG Frequency Genome frequency p-value corr p-value
Signal transduction 76 out of 668, 11.38% 1777 out of 27704, 6.41% 8.90E-07 1.40E-04
alpha-Linolenic acid metabolism 7 out of 668, 1.05% 34 out of 27704, 0.12% 1.40E-05 7.67E-04
Plant hormone signal transduction 48 out of 668, 7.19% 1038 out of 27704, 3.75% 1.47E-05 7.67E-04
Environmental Information 97 out of 668, 14.52% 2806 out of 27704, 10.13% 1.83E-04 7.17E-03
Transcription factors 46 out of 668, 6.89% 1104 out of 27704, 3.98% 2.51E-04 7.87E-03
Glutathione metabolism 9 out of 668, 1.35% 95 out of 27704, 0.34% 4.85E-04 1.27E-02
Transcription 86 out of 668, 12.87% 2584 out of 27704, 9.33% 1.38E-03 2.75E-02
Vitamin B6 metabolism 4 out of 668, 0.60% 21 out of 27704, 0.08% 1.45E-03 2.75E-02
Carbohydrate metabolism 86 out of 668, 12.87% 2596 out of 27704, 9.37% 1.58E-03 2.75E-02
Carotenoid biosynthesis 10 out of 668, 1.50% 141 out of 27704, 0.51% 2.27E-03 3.57E-02
Propanoate metabolism 6 out of 668, 0.90% 64 out of 27704, 0.23% 4.41E-03 6.29E-02
MAPK signaling pathway - yeast 3 out of 668, 0.45% 15 out of 27704, 0.05% 5.11E-03 6.68E-02
Peptidoglycan biosynthesis 2 out of 668, 0.30% 5 out of 27704, 0.02% 5.53E-03 6.68E-02
Antigen processing and 3 out of 668, 0.45% 17 out of 27704, 0.06% 7.37E-03 8.27E-02
Linoleic acid metabolism 4 out of 668, 0.60% 37 out of 27704, 0.13% 1.18E-02 1.11E-01
Biosynthesis of unsaturated fatty 5 out of 668, 0.75% 58 out of 27704, 0.21% 1.29E-02 1.11E-01
Metabolism of other amino acids 9 out of 668, 1.35% 155 out of 27704, 0.56% 1.31E-02 1.11E-01
Two-component system 3 out of 668, 0.45% 21 out of 27704, 0.08% 1.34E-02 1.11E-01
Protein processing in endoplasmic
reticulum
21 out of 668, 3.14% 512 out of 27704, 1.85% 1.34E-02 1.11E-01
Immune system 5 out of 668, 0.75% 64 out of 27704, 0.23% 1.90E-02 1.50E-01
Spliceosome 34 out of 668, 5.09% 984 out of 27704, 3.55% 2.37E-02 1.76E-01
Glycolysis / Gluconeogenesis 20 out of 668, 2.99% 512 out of 27704, 1.85% 2.47E-02 1.76E-01
Calcium signaling pathway 7 out of 668, 1.05% 125 out of 27704, 0.45% 3.20E-02 2.19E-01
Amino sugar and nucleotide sugar
metabolism
9 out of 668, 1.35% 186 out of 27704, 0.67% 3.71E-02 2.43E-01
Other types of O-glycan 2 out of 668, 0.30% 14 out of 27704, 0.05% 4.36E-02 2.74E-01
Fructose and mannose metabolism 6 out of 668, 0.90% 111 out of 27704, 0.40% 5.23E-02 3.16E-01
Butanoate metabolism 4 out of 668, 0.60% 61 out of 27704, 0.22% 5.95E-02 3.46E-01
Regulation of autophagy 4 out of 668, 0.60% 64 out of 27704, 0.23% 6.86E-02 3.70E-01
Peptidases 2 out of 668, 0.30% 18 out of 27704, 0.06% 6.89E-02 3.70E-01
Jak-STAT signaling pathway 1 out of 668, 0.15% 3 out of 27704, 0.01% 7.06E-02 3.70E-01
Neuroactive ligand-receptor 2 out of 668, 0.30% 20 out of 27704, 0.07% 8.29E-02 4.20E-01
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Appendix Table 18. Over-represented KEGG orthology in down-regulated DEGs in the roost at 1 h
Description DEG Frequency Genome frequency p-value corr p-value
Ubiquitin system 8 out of 330, 2.42% 180 out of 27704, 0.65% 1.48E-03 1.94E-01
Glucosinolate biosynthesis 3 out of 330, 0.91% 35 out of 27704, 0.13% 8.27E-03 2.87E-01
Arginine and proline metabolism 6 out of 330, 1.82% 151 out of 27704, 0.55% 9.63E-03 2.87E-01
Signal transduction 32 out of 330, 9.70% 1777 out of 27704, 6.41% 1.32E-02 2.87E-01
Plant hormone signal transduction 21 out of 330, 6.36% 1038 out of 27704, 3.75% 1.33E-02 2.87E-01
Ubiquitin mediated proteolysis 11 out of 330, 3.33% 427 out of 27704, 1.54% 1.40E-02 2.87E-01
Calcium signaling pathway 5 out of 330, 1.52% 125 out of 27704, 0.45% 1.71E-02 2.87E-01
Aminoacyl-tRNA biosynthesis 7 out of 330, 2.12% 222 out of 27704, 0.80% 1.75E-02 2.87E-01
Amino acid metabolism 23 out of 330, 6.97% 1241 out of 27704, 4.48% 2.48E-02 3.39E-01
Purine metabolism 11 out of 330, 3.33% 469 out of 27704, 1.69% 2.59E-02 3.39E-01
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Appendix Table 19. Over-represented KEGG orthology in up-regulated DEGs in the roots at 12 h
Description DEG Frequency Genome frequency p-value corr p-value
Glycolysis / Gluconeogenesis 34 out of 567, 6.00% 512 out of 27704, 1.85% 2.33E-09 1.09E-07
Ribosome 66 out of 567, 11.64% 1696 out of 27704, 6.12% 4.24E-07 1.48E-05
Taurine and hypotaurine metabolism 7 out of 567, 1.23% 26 out of 27704, 0.09% 6.80E-07 1.90E-05
Carbohydrate metabolism 83 out of 567, 14.64% 2596 out of 27704, 9.37% 3.02E-05 7.04E-04
TGF-beta signaling pathway 2 out of 567, 0.35% 2 out of 27704, 0.01% 4.18E-04 7.42E-03
Membrane transport 25 out of 567, 4.41% 579 out of 27704, 2.09% 4.24E-04 7.42E-03
Transporters 20 out of 567, 3.53% 424 out of 27704, 1.53% 5.27E-04 8.20E-03
Environmental Information Processing 80 out of 567, 14.11% 2806 out of 27704, 10.13% 1.48E-03 1.88E-02
Pentose phosphate pathway 9 out of 567, 1.59% 136 out of 27704, 0.49% 1.99E-03 2.32E-02
Pentose and glucuronate 9 out of 567, 1.59% 141 out of 27704, 0.51% 2.54E-03 2.74E-02
Metabolism of other amino acids 9 out of 567, 1.59% 155 out of 27704, 0.56% 4.76E-03 4.76E-02
Signal transduction 51 out of 567, 8.99% 1777 out of 27704, 6.41% 9.51E-03 8.74E-02
Immune system 5 out of 567, 0.88% 64 out of 27704, 0.23% 9.98E-03 8.74E-02
Tight junction 3 out of 567, 0.53% 25 out of 27704, 0.09% 1.40E-02 1.16E-01
Cell communication 3 out of 567, 0.53% 26 out of 27704, 0.09% 1.56E-02 1.19E-01
PI3K-Akt signaling pathway 6 out of 567, 1.06% 99 out of 27704, 0.36% 1.62E-02 1.19E-01
Steroid biosynthesis 6 out of 567, 1.06% 102 out of 27704, 0.37% 1.85E-02 1.30E-01
Organismal System 30 out of 567, 5.29% 1031 out of 27704, 3.72% 3.49E-02 2.33E-01
Hematopoietic cell lineage 1 out of 567, 0.18% 2 out of 27704, 0.01% 4.05E-02 2.58E-01
Circadian rhythm - plant 6 out of 567, 1.06% 126 out of 27704, 0.45% 4.53E-02 2.76E-01
Glyoxylate and dicarboxylate 8 out of 567, 1.41% 202 out of 27704, 0.73% 5.69E-02 3.32E-01
Carbon fixation in photosynthetic 3 out of 567, 0.53% 47 out of 27704, 0.17% 7.14E-02 4.00E-01
Cardiac muscle contraction 1 out of 567, 0.18% 4 out of 27704, 0.01% 7.94E-02 4.14E-01
Monoterpenoid biosynthesis 2 out of 567, 0.35% 23 out of 27704, 0.08% 7.98E-02 4.14E-01
Plant hormone signal transduction 28 out of 567, 4.94% 1038 out of 27704, 3.75% 8.51E-02 4.25E-01
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Appendix Table 20. Over-represented KEGG orthology in down-regulated DEGs in the roots at 12 h
Description DEG Frequency Genome frequency p-value corr p-value
Metabolism 219 out of 409, 53.55% 12132 out of 27704, 43.79% 4.12E-05 5.76E-03
Energy metabolism 38 out of 409, 9.29% 1338 out of 27704, 4.83% 9.75E-05 6.83E-03
Phenylpropanoid biosynthesis 5 out of 409, 1.22% 54 out of 27704, 0.19% 1.19E-03 4.55E-02
G protein-coupled receptors 5 out of 409, 1.22% 55 out of 27704, 0.20% 1.30E-03 4.55E-02
Biosynthesis of other secondary 10 out of 409, 2.44% 247 out of 27704, 0.89% 3.89E-03 1.09E-01
Oxidative phosphorylation 21 out of 409, 5.13% 765 out of 27704, 2.76% 5.18E-03 1.21E-01
Nitrogen metabolism 6 out of 409, 1.47% 117 out of 27704, 0.42% 7.91E-03 1.58E-01
Glucosinolate biosynthesis 3 out of 409, 0.73% 35 out of 27704, 0.13% 1.47E-02 2.58E-01
Methane metabolism 4 out of 409, 0.98% 69 out of 27704, 0.25% 1.91E-02 2.97E-01
Arginine and proline metabolism 6 out of 409, 1.47% 151 out of 27704, 0.55% 2.50E-02 3.33E-01
Cutin, suberine and wax biosynthesis 4 out of 409, 0.98% 76 out of 27704, 0.27% 2.61E-02 3.33E-01
Ascorbate and aldarate metabolism 4 out of 409, 0.98% 80 out of 27704, 0.29% 3.08E-02 3.35E-01
Lipid metabolism 26 out of 409, 6.36% 1199 out of 27704, 4.33% 3.35E-02 3.35E-01
Calcium signaling pathway 5 out of 409, 1.22% 125 out of 27704, 0.45% 3.82E-02 3.42E-01
Transcription factors 24 out of 409, 5.87% 1104 out of 27704, 3.98% 3.91E-02 3.42E-01
Glycerolipid metabolism 6 out of 409, 1.47% 178 out of 27704, 0.64% 4.92E-02 3.83E-01
Phenylalanine metabolism 7 out of 409, 1.71% 230 out of 27704, 0.83% 5.54E-02 4.04E-01
Adipocytokine signaling pathway 1 out of 409, 0.24% 4 out of 27704, 0.01% 5.78E-02 4.04E-01
Signaling molecules and interaction 11 out of 409, 2.69% 450 out of 27704, 1.62% 7.20E-02 4.80E-01
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Appendix Table 21. Detail of Brassica napus  accessions
No. Name Origin Region Population
1 Ability Japan Asia Group 2
2 Aburamasari Japan Asia Group 1
3 Annick South Korea Asia mix
4 Aoluo Canada North America mix
5 Aomori1 Japan Asia Group 1
6 Azuma Japan Asia Group 1
7 Bf10(A) Taiwan Asia mix
8 Biennis Ireland Western Europe Group 1
9 Bronowski Canada North America Group 2
10 Canadian2 Canada North America Group 1
11 Casion Sweden Western Europe Group 1
12 Chisayanatane Japan Asia Group 1
13 Chuannongchangjiao China Asia Group 1
14 Cresor France Western Europe mix
15 Dac Chosen America North America mix
16 Dahuaqiu China Asia Group 1
17 Daichousen Japan Asia Group 1
18 Daichousen33 Japan Asia Group 1
19 Dandi Denmark Western Europe mix
20 Early Giant Rape 271-16 Sweden Western Europe mix
21 Early Giant Rape 271-8 Sweden Western Europe Group 1
22 England Short England Western Europe mix
23 Faerkao German Western Europe Group 1
24 Futsu5 France Western Europe Group 1
25 Fuyou1 China Asia mix
26 Ganyou5 China Asia Group 1
27 Guangde741 China Asia Group 1
28 Hamburg1 Japan Asia Group 1
29 Higashiyamashu Japan Asia mix
30 Hja 82470 Finland Western Europe mix
31 Hn-9464 Korea Asia mix
32 Hokkaidoshu Japan Asia Group 1
33 Hokuriku 23 Japan Asia Group 1
34 Holand Black Poland Eastern Europe Group 1
35 Huayou3 China Asia Group 1
36 Isuzunatane Japan Asia Group 1
37 Iwanarishu Japan Asia Group 1
38 Kaiyou1 China Asia Group 1
39 Kani Japan Asia Group 1
40 Karahuto Japan Asia Group 2
41 Kirariboshi Japan Asia mix
42 Kizakinonatane Japan Asia Group 1
43 Lembkes Netherland Western Europe Group 1
44 Meijian China Asia Group 2
45 Mihonatane Japan Asia Group 1
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Appendix Table 21. Detail of Brassica napus  accessions (Cont'd)
No. Name Origin Region Population
46 Mikado England Western Europe Group 1
47 Miyagiokute Japan Asia Group 1
48 Mo-21 Morocco Africa Group 2
49 Mtochowski Poland Eastern Europe Group 1
50 Murasakinatane Japan Asia Group 1
51 Nanashikibu Japan Asia Group 1
52 Napobrassica-green Ireland Western Europe mix
53 Napobrassica-purple Ireland Western Europe mix
54 Narc Pakistan Asia Group 1
55 Nourin16 Japan Asia Group 1
56 Nourin20 Japan Asia Group 1
57 Ohominatane Japan Asia Group 1
58 Okutena Japan Asia Group 1
59 Oro Canada North America Group 2
60 P11 Czech Republic Eastern Europe mix
61 Parter German Western Europe mix
62 Penglai1 China Asia Group 1
63 Sapporo Japan Asia Group 1
64 Sel-W Mexico North America Group 1
65 Sensation Swede New Zealand Oceania mix
66 Soviet Russia Eastern Europe Group 1
67 Superlati-Velot601 New Zealand Oceania mix
68 Tohoku18 Japan Asia Group 1
69 Tower Canada North America Group 2
70 Tribute Canada North America Group 2
71 Tsuyu6 Rusia Asia Group 2
72 Wasechousen Japan Asia Group 1
73 Weisite Canada North America mix
74 Wesbrook Australia Oceania mix
75 Westar Canada North America Group 2
76 Wikki Denmark Western Europe Group 2
77 Xinghuangha China Asia mix
78 Xuanma2 China Asia Group 2
79 Yokkaichi Kurotane Japan Asia mix
80 Yokkaichi Kurotane Mie Japan Asia Group 1
81 Yueyang84-8 China Asia Group 1
82 Yunyou7 China Asia Group 1
83 zaofeng1 China Asia Group 1
84 Zaofeng5 China Asia mix
85 Zhengyou1 China Asia Group 2
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1 Ability 0.999 8.51 7.75 0.51 0.51 39.61 19.24 47.88 16.54 56.58 3.47 3.71
2 Aburamasari 0.851 10.35 8.33 0.67 0.57 39.27 10.39 37.64 13.27 77.12 8.06 6.28
3 Annick 0.538 6.12 2.86 0.34 0.18 43.27 22.75 49.16 16.57 54.53 2.44 3.31
4 Aoluo 0.565 9.23 8.91 0.70 0.40 44.06 13.15 32.10 12.57 48.81 3.70 3.98
5 Aomori1 0.394 13.79 5.98 1.04 0.41 44.58 18.90 25.79 11.88 55.86 3.21 4.80
6 Azuma 0.647 12.90 7.87 0.83 0.54 43.13 12.45 37.42 13.27 74.26 6.16 5.68
7 Bf10(A) 0.546 7.81 4.69 0.52 0.28 43.77 14.89 36.12 17.18 57.11 3.93 3.41
8 Biennis 0.718 11.97 8.19 0.72 0.52 41.57 13.08 37.78 13.89 60.61 5.84 4.48
9 Bronowski 0.408 10.54 4.88 0.81 0.33 38.20 17.61 34.66 19.82 48.85 2.91 2.49
10 Canadian2 0.638 7.18 5.50 0.41 0.26 41.12 6.00 44.93 10.89 29.24 4.86 2.82
11 Casion 0.445 5.94 2.59 0.32 0.14 36.48 18.50 45.36 21.03 64.13 3.59 3.13
12 Chisayanatane 0.396 15.78 8.72 1.32 0.52 29.03 10.32 38.10 15.78 73.74 7.61 4.89
13 Chuannongchangjiao 0.426 9.84 7.28 0.73 0.31 45.85 8.88 33.53 14.26 31.85 3.63 2.26
14 Cresor 0.664 7.08 4.42 0.35 0.23 35.47 19.20 53.77 24.68 62.08 3.30 2.53
15 Dac Chosen 0.464 9.78 4.48 0.54 0.25 45.16 27.01 50.09 21.89 66.41 2.52 3.07
16 Dahuaqiu 0.576 10.46 7.27 0.77 0.44 43.16 18.83 36.09 18.58 59.55 3.58 3.26
17 Daichousen 0.374 18.02 7.60 1.33 0.50 37.80 13.13 28.26 13.62 66.71 5.57 5.32
18 Daichousen33 0.515 16.23 8.99 1.11 0.57 40.74 12.55 37.87 15.30 63.47 5.36 4.12
19 Dandi 0.469 8.47 3.95 0.49 0.23 31.49 12.45 55.67 17.13 66.88 5.93 3.94
20 Early Giant Rape 271-16 0.904 8.24 6.76 0.46 0.42 38.72 14.86 44.38 13.16 64.70 4.65 5.12
21 Early Giant Rape 271-8 0.811 7.71 5.55 0.43 0.35 43.32 14.97 40.49 14.18 60.01 4.16 4.37
22 England Short 0.596 9.69 7.14 0.69 0.41 48.16 15.29 36.51 13.71 57.71 3.89 4.48
23 Faerkao 0.311 10.29 3.58 0.67 0.21 37.86 17.74 51.12 23.41 67.83 3.91 2.98
24 Futsu5 0.936 10.36 7.95 0.63 0.59 38.78 9.16 33.67 8.99 71.74 8.19 8.27
25 Fuyou1 0.953 3.96 3.76 0.21 0.20 38.19 10.03 55.86 18.03 30.20 2.99 1.69
26 Ganyou5 0.522 9.51 6.05 0.69 0.36 47.99 14.37 32.40 17.82 67.47 4.90 3.90
27 Guangde741 0.468 8.89 5.18 0.66 0.31 40.71 11.47 41.88 18.12 69.05 6.61 3.82
28 Hanburuku1 0.782 11.10 6.64 0.76 0.59 35.30 8.81 40.71 7.26 78.74 9.45 11.51
29 Higashiyamashu 0.393 17.37 7.55 1.28 0.50 34.38 14.32 28.22 13.38 64.76 4.75 5.03
30 Hja 82470 0.976 5.80 5.64 0.36 0.35 46.36 16.35 44.39 20.01 65.04 4.23 3.26
31 Hn-9464 0.719 9.28 6.48 0.50 0.36 44.28 14.54 47.09 19.59 65.57 4.70 3.35
32 Hokkaidoshu 0.332 17.02 6.35 1.10 0.37 36.89 9.48 32.19 10.53 69.70 7.86 6.67
33 Hokuriku 23 0.533 16.30 8.06 0.96 0.51 38.37 14.07 42.15 13.68 78.82 5.95 5.85
34 Holand Black 0.646 7.06 4.15 0.40 0.26 43.19 18.77 48.05 19.02 60.51 3.40 3.20
35 Huayou3 0.800 10.27 9.53 0.72 0.57 45.92 16.48 35.05 14.11 60.93 3.81 4.51
36 Isuzunatane 0.886 10.67 7.89 0.63 0.56 44.10 16.55 43.37 15.20 76.37 5.00 5.06
37 Iwanarishu 0.776 14.24 11.17 0.96 0.74 33.10 13.87 33.38 14.04 68.09 5.09 5.01
38 Kaiyou1 0.665 8.77 6.05 0.49 0.33 36.68 15.19 52.67 21.39 75.97 5.54 3.62
39 Kani 0.324 16.58 6.65 1.21 0.39 34.65 11.07 29.93 15.63 63.20 6.14 4.12
40 Karahuto 0.693 16.56 12.65 1.27 0.88 29.69 12.27 24.44 11.32 64.21 5.75 5.87
41 Kirariboshi 0.712 10.65 7.64 0.71 0.51 43.67 17.74 36.35 12.40 58.25 3.41 4.89
42 Kizakinonatane 0.756 13.64 10.31 0.90 0.68 39.00 16.39 36.88 12.66 62.95 4.05 5.25
43 Lembkes 0.645 11.92 9.31 1.10 0.71 35.61 13.71 32.91 11.92 68.77 5.29 5.88
44 Meijian 0.913 4.72 4.54 0.29 0.26 51.46 19.36 48.01 15.42 52.17 2.77 3.40
45 Mihonatane 0.587 19.35 12.30 1.63 0.96 31.68 12.04 35.39 11.24 60.19 5.29 5.51
46 Mikado 0.752 6.17 4.08 0.34 0.25 41.33 16.64 48.96 18.97 58.15 3.64 3.12
47 Miyagiokute 0.451 18.15 10.28 1.41 0.64 41.41 22.01 24.50 12.59 60.83 3.02 4.88
48 Mo-21 0.568 12.24 6.37 0.74 0.42 33.33 14.68 36.25 16.29 57.62 4.38 3.71
49 Mtochowski 0.649 7.77 5.77 0.46 0.30 31.83 12.61 57.45 15.60 56.79 4.81 3.76
50 Murasakinatane 0.650 18.30 13.79 1.46 0.95 39.05 14.99 33.88 15.50 65.27 4.50 4.34
51 Nanashikibu 0.972 6.05 5.21 0.31 0.30 32.42 11.93 46.99 13.13 59.05 5.35 4.75
52 Napobrassica-green 0.538 10.83 5.33 0.61 0.33 40.02 12.86 43.42 15.61 65.51 5.38 4.29
53 Napobrassica-purple 0.904 10.00 7.77 0.59 0.53 40.15 15.87 39.07 15.63 79.68 5.40 5.16
54 Narc 0.782 8.13 7.19 0.46 0.36 41.38 12.77 50.39 19.25 37.17 2.98 1.91
55 Nourin16 0.731 7.76 5.29 0.47 0.34 43.16 15.13 36.12 13.10 66.61 4.79 5.31
56 Nourin20 0.945 11.65 10.94 0.69 0.65 43.79 11.80 33.79 9.49 75.25 6.91 8.19
57 Ohominatane 0.705 12.01 8.19 0.73 0.51 39.57 16.82 38.33 12.67 68.82 4.32 5.82
58 Okutena 0.465 14.61 7.92 1.21 0.56 34.89 20.73 24.64 14.84 63.08 3.19 4.35
59 Oro 0.450 15.73 8.87 1.35 0.61 35.46 16.07 29.83 16.86 56.68 3.85 3.50
60 P11 0.473 6.69 3.03 0.36 0.17 40.02 20.12 53.10 21.57 72.51 4.02 3.45
61 Parter 0.362 6.59 2.52 0.42 0.15 36.20 16.86 48.56 23.34 57.72 3.47 2.51
62 Penglai1 0.412 6.48 2.66 0.38 0.16 40.31 19.94 48.30 23.42 80.11 4.12 3.44
63 Sapporo 0.939 12.76 10.14 0.81 0.76 46.01 9.97 36.35 9.14 68.30 6.97 7.68
64 Sel-W 0.335 8.03 3.08 0.53 0.18 36.95 20.19 50.50 22.92 63.28 3.20 2.80
65 Sensation Swede 0.835 7.95 5.83 0.46 0.39 33.57 12.85 47.69 15.39 62.37 4.98 4.10
66 Soviet 0.812 9.06 6.84 0.54 0.44 32.54 13.12 58.06 14.57 68.44 5.46 4.96
67 Superlati-Velot601 0.552 6.87 3.85 0.43 0.24 43.13 13.14 39.98 14.60 48.84 3.79 3.37
68 Tohoku18 0.682 11.52 8.37 0.75 0.51 45.34 13.68 31.60 13.03 68.87 5.23 5.32
69 Tower 0.975 7.75 7.55 0.48 0.47 37.00 15.36 45.10 18.51 60.47 4.01 3.30
70 Tribute 0.660 7.45 5.09 0.46 0.30 40.91 15.85 36.67 15.76 46.02 2.99 3.04
71 Tsuyu6 0.800 14.70 12.32 1.18 0.95 33.45 11.38 31.01 12.36 59.30 5.37 4.85
72 Wasechousen 0.460 13.61 6.71 0.94 0.43 42.66 17.48 25.93 15.74 64.92 3.83 4.24
73 Weisite 0.453 5.10 2.27 0.32 0.14 36.92 15.73 49.79 18.61 59.42 3.84 3.33
74 Wesbrook 0.502 8.72 4.06 0.48 0.24 35.89 12.12 48.91 20.43 75.15 7.04 3.67
75 Westar 0.923 5.93 6.10 0.29 0.27 36.09 9.60 44.58 17.07 56.31 5.90 3.33
76 Wikki 0.501 7.99 3.59 0.48 0.24 42.09 16.59 50.43 20.11 62.99 3.88 3.27
77 Xinghuangha 0.451 10.34 6.76 0.74 0.33 43.52 10.06 41.62 14.73 67.04 6.77 4.59
78 Xuanma2 0.467 5.46 2.45 0.31 0.14 37.55 11.48 49.64 20.90 64.48 5.84 3.13
79 Yokkaichi Kurotane 0.880 6.53 4.80 0.39 0.35 40.76 17.03 35.23 17.66 54.27 3.35 3.22
80 Yokkaichi Kurotane Mie 0.534 12.73 7.22 0.88 0.47 43.44 16.66 30.14 13.76 68.79 4.39 5.22
81 Yueyang84-8 0.818 6.63 4.84 0.35 0.29 43.66 19.92 47.17 16.50 63.10 3.27 3.92
82 Yunyou7 0.462 9.11 5.29 0.66 0.30 47.88 14.41 36.60 16.72 56.06 4.02 3.46
83 Zaofeng1 0.511 10.22 7.60 0.73 0.37 50.83 13.87 28.37 13.40 45.49 3.41 3.43
84 Zaofeng5 0.923 5.52 5.01 0.32 0.29 39.20 15.87 49.19 20.42 68.21 4.48 3.41
85 Zhengyou1 0.546 8.06 5.26 0.59 0.32 45.17 12.80 36.68 17.12 65.52 5.29 3.85
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Appendix Table 24. Frequency of relative kinsip in B. napus  lines
Kinship range Frequency
<0.1 0.841
0.1 ≤ x < 0.2 0.090
0.2 ≤ x < 0.3 0.030
0.3 ≤ x < 0.4 0.017
0.4 ≤ x < 0.5 0.010
0.5 ≤ x < 0.6 0.005
0.6 ≤ x < 0.7 0.005
0.7 ≤ x < 0.8 0.001
0.8 ≤ x < 0.9 0.001
 >0.9 0.000
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